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I • SUMr{A-.RY
The object of the work described in this thesis
was to obtain an exact or approximating relationship
among the 'variables controlling the removnl of gaseous
impurities from air strea11rsdravJn through beds of granu-
lar adsorbents. This was necessary for the efficient
design of the adsorbent sections of gas mask ca.nisters
for use by the United states Army during the rscent con-
flict.
The Chemical Warfare Service has developed a very
active adsorbent from wood, coal, fruit pits, and other
carbonaceous materials, but it has been found that certain
of the war gases are not adsorbed to any appreciable extent
by reasonable volumes of this adsorbent. Therefore, im-
.pregnants such as copper oxide, metallic silver, and ch1"o-
micoxide have been added to the base charcoal to pro-
duceType ABC impregnated whetlerite •. This material has
a high capacity for all of the standard war gases.
It is important that this adsorbent be.used as
efficiently as possible, for the canisters must be as
small and light as pra.ctical for the convenience and com-
fort of the soldier in the field. Also, such factors as
air resistance and interference with.normal combat duties
must be considered, but all of tf.1es.e'must be consistent
with a high degree of protection.
For the most part, previ.ous canis tel'"design has been
per:t6rmedby the ncut and, tryn method. VlJhilethis proce-
'DECLASSI~
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"dure can accurately establish the performance of a parti-
cular design, it is time-consuming, expensive, and it is
not easily utilized to obtain the optimum design. In the
design of large collective protector canisters this pro-
cedure is impractical, for large volumes of air are handled
(up t~ 300 cubic feet per minute) and large amolli1tsof
charcoa~are wasted; also, the danger of caspalties resulting
from leaks during a test is high when such large quantities
of noxious agents are being handled.
The removal of gases by passage through adsorbent beds
can be accomplished by physical adsorption or by chemical
reaction with the impregnants or with adsorbed water. The-
oreticalequations have been derived in Appendix A which
predict the,performance of adsorbent beds for physically
adsorb~d gases. Similar equations ~ve been derived in
Appendix E to predict the performance of adsorbent beds for
gases which are removed by chemical r~action.
The theoretical equation relating break time' of an axial
flow adsorbent bed with the test variables fo~ those agents
which are removed by physical adsorption (Type I kinetics)
is as follows: (see Nomenclature, p.309).
t = ~~~... ~ - Ht ( 1n~~'.lj (1)
'No general theoretical equation could be derived for
those gases which are rem~ved by a combination of physical
adsorption and chemical reacti~n. However, for the parti-
. ; , .
cular case in which the rate of reaction is independent of
the previous utilization of the impregnant, it is shown in
2
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Appendix E that. the following equation applies fnr axial
flow adsorbent beds:
3
t = (No+ Nr) A fA _ (H. + H )(In Cl _ JClQ ~ .~.~ C2 ~ (2)
Both of these equations predict a straight line re-
lationship between bed depth and time to a specific ef-
fluent concentration. They also predict that this straight
line shall inters9ctthe bed depth axis at a positive..
value; i.e." there is a certain positive bed depth which
results in an immediate break. This intercept is called
the apparent.critic.al bed depth •
. ....These .theorett~~l ~f.p.1atinns'uggested the use of
bed depth-break time measurements to analyze the factors
governing the adso~be~t performance. Such tests were con-
"
ducted varying the cross-sectional area, flow rate, par-
ticle diameter (sieve size), and effluent concentration.
The effect of each of these variables on the slope of the
bed depth-break time curve and on the apparent critical
bed depth was determined for each of the agents.
These tests showed that chloropicrin is removed by
reversible, physical adsorption and that the rela~ionsh1p
among the variables is as predicted by Equation 1.
The remaining four standard Chemical Warfare agents
(phosgene, cyanogen chloride, hydrocyanic acid, and arsin~)
were shovm to be removed by a combination of chemical re-
action and physical adsorption. The rate of chemical re-
action was shown to be dependent on the previous utili-
zation of the impregnant; therefore, Equation 2 does not
DECLASSIFIEO
apply.
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kinetics of this type (Type III-B kinetics, see Appdx. E),
the expe~imental results could be correlated very well by
the following semi-empirical equation:
t = (3)
'This equation is strikingly similar to that for
Type I kinetics (Equation 1). No and Ht have been re-
placed' by two experimental constants, ,N,and'H, respectively,
andf3 has been set equal to (-3). It is apparent that this
equation also represents a straight line relationship be-
tween bed depth and break time with a positive intercept
on the bed depth axis. OVer the range of variables in-
vestig'a.ted,it was found that N is independent of flow
rate and particle diameter but varies with different ad~
sorbents. H behaves in a manner analagous to Ht in that
it varies as a power of the linear air velocity and the
particle' diameter and is independent of the whetlerite.
The above equations (1,2, and 3) are~pplicable for
the evaluation of axial flow beds when tested at steady
flow rates. In the last three years, the "Sine Wave
Breather Testertf.hasbeen developed and 'used extensively
f6rthe evaluation of adsorbent beds. This machine si-
mulates the breathing cycle of the average person under
conditions of heavy-exercise. Gas-laden air is drawn in-
to the canister at a variable flow rate approximating the
positive half of a sine wave (simulating inspiration), and
. DECLASSIFIED'
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no air is dravm through the canister for the other half of
the sine wave cycle (simulating expiration). The minute
volume (integrated volume of contaminated air drawn through
the canister per minute) is held at 50 liters per minu~e.
Theoretical equations are derived in Appendix C for
these conditions of canister testin~, and it has been shown
that, for reversible"physic,al'.:ads'orption, Equation 1 1s
applicable if Ht is determined at an equivalent flow rate
instead of at the average flow rate. The experimental
data show that this theoretical argument is correct, and
they also show that Equation 3, for Type III-B kinetics,
can be modified in a similar manner. The equivalent ~low
rate is a function of the ratio of the influent concentration
to the break concentration and of the power that Ht (or H)
varies with'velocity.This function is shown in Fig. 92 •
.Certain of the stano.ard United states gas mask
canisters are of the radial flow type; i.e., the adsorbent
is retained between two concentric cylinders, the con-
taminated air stream entering the bed perpendicular to and
at the surface of the outer cylinder. For this type con-
struction, ,it has been shovm in Appendix D that there 1s
a critical diameter which is analagous to the apparent
cri.tical bed, depth of an axial .flow canister. The equations
relating the.break time to the test variables for reversible
physical adsorption are as follows:
Dc = (4)
J)ECLASSIFIED.
t =
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(5)
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These equations have been proved to be equally
applicable for Types I and III-B kinetics, and it has been
shown that they may also be modified for breather testing
in a manner analagous to the modification of Equation 1
for axial flow canisters.
Most of the Chemical Warfare agents are not cumula-
tive poisons, and tests with these are conducted to a
fixed effluent concentration usually approximating the
minimum physiologically detectable concentration. Arsine,
however, is a cumulative poison, and tests with this
agent are continued to a fixed cumulative penetration.
Theoretical equations for these test conditions are derived
in Appendix B, and for axial flow beds and Type I kinetics
the following general equation was obtained:
t = No A. 0C Q -1 . (6)
This equation has been found to be equally applicable
for Types I and III-B kinetics, and it has also been shovm
that the equations for radial flow canisters may be modi-
fied in a similar manner to predict cumulative penetration
break times.
These equations, and the modifications thereof, have
been used at the Chemical Warfare Service Development Lab.,
M. I. T...,for the design of the adsorbent sections of gas
mask canisters and have proved quite valuable. They have
DECLASSIFIED:
DECLASSIFIED;
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also been used in the design of collective protector can-
isters (15-300 cubic feet per minute capacity), and actual
spot measurements of the break times of these large can-
isters have proved the validity of the foregoing equations
for other than small gas mask canisters.
DECLASSIFIED
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II. INTRODUCTION
A. Field. of Research
The general problem investigated concerned the rate
of removal of war gases from air stre~3..1;)sby the stc.;~ndard.
Chemical VJarfe.reimpregnC3.tedwhetleri tes. The knowledge
of these rates is important in the deE~ign of the g&S re-
moval section of gas mask canisters so .as to be able to
select the particular design 'vihichaffords the desired
degree of protection with a'minimum expenditurs of canis-
ter weight, canister volume (shape being considered),
m1d air resistance. All of these fectors are of great
importance, for any slight additional impediment to the
soldier in the field is conducive to his discarding the
mask, an act which hci'sfrequently occurred "Ji th soldiers
carrying the bulky J. old-type service masIcs.
The removal of gases by porous adsorbents has been
investigated extensively in the pc~st by a great nmnber of
research wor~ers. However, the vast bulk of this r:ork
has been devoted to mee,surement of the eq1..1ilibriumrela-
tionships and the rate of attainment of equilibrium ~hen
the adsorbents are brought into contact with a pure vapor
of the adsorbate. Very little work has been done to de-
termine the rate of removal of adsorbates from carrier air
streams flowing tlITough the adsorbent bed.
The" same type of problem is encountere6 in trle case
of absorption of a gas from an air stream by liquid flowing
downward through a packed tower. The major differences be-
DECLASSIFIED.
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tween removal by this method and by a granular porous
adsorbent are (1) the .equilibrium relationships for liquid-
vapor absorption processes are a unique function of the
liqUid and the gas, independent of the nature of the,packing;
whereas, for removal of a gas by a porous adsorbent, they
are different with each adsorbent and (2) the liquid-gas
absorption process is a continuQus, steady-state process
t(i~e., conditions at a point do not change with time);
whereas, the removal of a gas by passage through an adsor-
bent bed is an unsteady state process in which conditions
at any point in the bed are changing continually •.
The most obvious variables whose interdependency is
desired are (1) time, (2) adsorbent bed depth, (3) agent
concentration in the carrier air stream, (4) air velocity,
(5) air resistance, and (6) particle size of the adsor-
bent. The agent content of the adsorbent is a variable
of secondary.importance for prediction of performance,
but it is quite important in explaining the relationships
which are obtained.
The problems of gas adsorption by passage tbrough
fixed adsorbent beds is not limited to the removal of war
gases by.gas maskccanisters. It is equally applicable to.
such commerciai"'operations as removal of noxious agents
from waste gases, purification of gaseous products, stripping
of gasoline from low-boiling hydrocarbon vapors, and sol-
vent recovery. Another application which is not so obvious
is the use of the rate constants to determine one rate
controlling factor in the catalysis of reactions involving
DECLASSIFIED v .1 0
flow through solid catalyst beds.
It is believed that the'results of this research
will be of assistance in offering a basis for the engineering
design of equipment to perform the above operations.
B. Nature of Adsorbents
At the outbreak of the present war, all U.S. gas
mask canisters were filled with "Type A Impregnated Whet-
lerite".' This adsorbent was a very porous material with
a high surface area per unit volume. There are many re-
ports available in the Chemical Warfare Service files de-
scribing the preparation of this material. Basically, it
was a highly activated cocoanut shell charcoal, activated
by high pressure steam distillation of the hydrocarbon
constituents. After activation it was impregnated with
an ammoniacal solution of copper hydroxide. After drying
a cupric oxide impregnated whetlerite was obtained. The
purpose of the impregnation was to improve the phosgene
(CG) and the hydrocyanic acid (Ae) capacity of the adsor-
bent.
Shortly after the outbreak of World War II a new
impregnant, metallic silver, was added to enhance the
arsine (SA) capacity of the material after it had become
saturated with water. Since the supply of coc.oanut shell
was stopped ~ the Japanese expansion into the Phillipine-
Burma-Australia area,-wood and coal base whetleri tes were.
developed which eventually surpassed the adsorptive capa-
city of the earlier cocoanut shell materials. Simultaneously
various fruit pit whetlerites were developed. All of these
DECLASSTFIED
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base whetlerites were capable of impregnation with cupric
oxide and metallic silver to yield an adsorbent desig-
.nated as "ffTyipeAS Impregnated Whetlerite".
This material was never used to any appreciable ex-
tent, for it became necessary to add a new impregnant be-
fore Type AS Impregnated Whetlerite was out of the pilot
plant stage of development. This third impregnant was
chromic oxide, added to enhance the cyanogen chloride (CK)
capacity of the whetlerite after it had become saturated
with water. These three materials--cupric oxide, metallic
silver, and cp~omic oxide--were added simultaneously by a
simgle impregnating solution. This resulted in the standard
adsorbent now used in all currently produced U.S. Army and
Navy gas mask canisters, "Type ASC Impregnated WhetleritetT•
These impregnants were used to produce Grade I adsorbents
from whetlerite bases prepared from wood, coal, fruit pits,
and nut shells. The development and improvement of this
impregnated whetlerite" is described im many Chemical War-
fare Service reports.
Thus, it is evident that the use of an adsorbent for
its adsorptive capacity is now balanced by its use as rol
impregnant carrier, each impregnant having been added to
enhance the "protection against certain of the Chemical
Warfare agents intended for use by the United states Army
in event of "the initiation of Chemical Warfare tu our
enemies.
C. The Diffusion and Physical Adsorption Concept
The theory of diffusion of a gas through a stagnant
DECLASSlFIEQ
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inert gas film is well h~o~m and is thorouglliy described
in Sherwood's book "Absorption and Extraction" (1).
Most of the previous work, however, has dea.lt with the
transfer of a diffusing material from the gas stream to
a liquid interface under steady state conditions. The
following is a brief sUlnwary of the diffusion theory and
proposes its application to the case of diffusion of an
agent from the carrier stream to the surface of a solid
adsorbent under unsteady state conditions.
As in all diffusion processes, the rate at vn1ich a
gas is transferred across an interface is considered to
be proportional to the difference between its partial
pressure in the carrier air streron and the partial pressure
at the surface of the adsorbent and inversely proportional
to the resistance to transfer by diffusion. For all cases
pertaining to Chemical Warfare canister testing, the con-
centrations of''the diffusing component is less t:b..antwo per
cent by volume so that negligible error is introduced if
concentration units are employed in lieu of partial pressure
units.
If it can be assumed that the rate of adsorption is
infinite (the rate at which equilibrium is established
'within the adsorbent granule after material has been trans-
ferred to the surface is infinite), the rate of diffusion
is the only factor which controls the rate of transfer
to the adsorbent. The may be expressed mathematically
by the following equation:
(7)
DECLASSIF1~
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The term, kg, commonly, called the gas film mass trans-
fer coefficient, represents the reciprocal of the diffusional
resistance in the gas film.
Since the transfe~ area cannot be measured conveniently,
it is customary to multiply both sides of Equation 7 by
a factor, a, vd!ich represents the transfer area per unit
volume of adsorbent and to group kga into a single coef-
ficient which is on a volume basis. This results in the
following equation:
dNa ~)a ~ = dm/dt = kga (c - C (8)
It must be remembered in using this equation that,
since kga is on a gross volume basis, it is a function,
of the density of packing. Practically, however, in the
range of sieve sizes employed in the Chemical Warfare
Service (12 to 40 mesh), little ~ariation in packing den-
sity is obtained. In addition, the standard method of
assembling adsorbent beds insures a constant packing den-
sity for a particular charcoal at a particular sieve size
(see Appendix H).
If the rate of transfer through the stagnant film -
surrounding the granules controls, the only other factor
which determines the performance. of an adsorbent bed is
the ~quilibrium relationship. There are a number of the-
oretical and empirical equations which have been developed
to express these relationships. The most widely used re-
lationships are ,the adsorpti~n isotherms of Freundlich (2)
and Langmuir (3).
DECLASSTFTED
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Freundlich,'s isotherm is expressed by the following
equation:
Langmuir's isotherm may be expressed as follows:
(9)
c* = (10)
These two equations, over a limited range of t~e
variables, fit most data for organic adsorbates on char-
coal equally well and either may be used to correlate the
data. In this particulat thesis, the correlation of
Freundlich has been used because it results in more easily
handled mathematical relationships.
Another factor which affects the performance of a
granular bed is the heat generated by adsorption. This
has '.two effects: (1) it changes the equilibriurn-relation~
ship and (2)'it has a very slight effect on the diffusion
resistance. This complication is handled quite easily
in a continuous process: e.g., liquid-gas absorption
,column systems. A heat balance can be employed to deter-
mine the temperature at any point in the column and correc-
tions can be made. For the adsorption of gases by a porous
adsorbent; however, conditions are continually changing,
and the solution becomes greatly involved. Even mo.re com-
plicating is the' fact' that the point 'rate of adsorption
and the heat generation are 'mutually dependent- and'both
are unsteady state processes.
DECLASSm:ED'
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Since the prediction of the performance of an adsor-
bent bed is'so involved, even when isothermal conditions
are assumed, no attemp~ has been made, in the derivation
of the equations, to account for the effect of heat lib-
eration. The-derivations are based on the assumption of
isothermal operation and are interpreted bearing in mind
the qualitative effects of non-isothermai conditions.
-If Equation 8 is combined with a material balance,
the following partial differential equation is obtained
for the removal of agents from inert air strea~qypassage
through adsorbent beds of constant cross sectional area:
g o2m
lOOOkga .a t2 + (11)
The solubility of 'this equation. depends on the re-
lationship between C* and m. The only' conditions for.
wh~ch analytical' solutions are known are those wherein
n in Freundlich's adsorption isotherm is, equal to zero
- ,
or unity. -Howe~er, the relationship between C*"and m for
Qrganic adsorbates on charcoal always results in a value
of n of unitY or greater; therefore, no general analytical
solution exists.
particular solutions for chosen values of the variables
can be obtained by a tedious step-wise integ~ation. These
calculations were carried thro~gh for a number of the values
of the i~dependent variables, and analysis of the results
showed that the following equation correlates the variables
extremely well over the range' of any practical importance:
DECLASSIFIED -
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t _ No A [A- Cl Q - (1)
The derivation of Equation 11, its solution for par-
ticular values of the variables, and the interpretation
of the particular solutions resulting in the establish-
ment of Equation 1 are given in Appendix A. The effects
of the heat of adsorption'on the results predicted by
Equation 1 are also discussed in Appendix A.
D. The Diffusion and Chemical Reaction Concept
It was stated previously that various metallic im-
pregnants have b~en added to the base whetlerite dur1ng
the development of the present Type ASC Impregnated ~fuet-
lerite. Obviously, the addition of these impregnants
could not increase the adsorptive capacity of the char-
coal to any appreciable extent •. Actually, the tendency
of.added metallic impregnants is to decrease the adsorp-
tive capacity. However, the increased capacity is ob-
.tained, and it is always associated with a non-reversible
adsorption. The conclusion is that the impregnant eitber
acts as a catalyst or reacts chemically with the impreg-
nant. The facts that the adsorbents have fixed, maximum
capacities for the agents and that the impregnants are.
always changed. chemically after use indicate that the "
action 'is not catalytic.
If reaction occurs on'the surface, a second rate
function, the rate of chemical reaction, must be considered.
This ~s somewhat analogous to the case of mass transfer in
'DECLASSIFIE~
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a liquid-gas absorption tower wherein the diffusion ~e-
sistance in the liquid film is important.
The general equation for the rate of chemical reaction
may"be expressed mathematically by the following equation:
dM/dt = kra' rem) (12)
In this equation, kra'may be a function of the amount
of impregnant which has previously been consumed, and the
term, f(m), indicates that the rate is some unknovm func-
tion of the amount of physically adsorbed (unreacted) ad-
sorbate.
For the parti:ular case where kra' is very large a~
compared to ..kga, it is shovm in Appendix E that Equation 1
is applicable if the adsorptive capacity, No' is replaced
by the sum of the adsorptive and reactive capacities,
No+ Nr.
For another particular case wherein kTa' is assumed
to be independent of the previous utilization of the im-
pregnant and wherein f(m) is assumed to be directly pro-
portional to the equilibrium concentration (based on the
equi~ibrium relationship and the amount of physically ad-
sorbed agent on the adsorbent), it is shovnl in Appendix E
that Equation 1 is applicable with the following modifica-
tion: .
DECLASSIFIED
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It is to be noticed. that, for all these cases, a
linear relationship' is obtained between the time elapsed
to a fixed effluent concentration and bed depth and that
the straight line graph relating these variables would
intersect the bed depth~ axis at a point dependent on the
rate functions and the ratio of the test to the break con-
centration.
The most difficult and most general case is encountered
when the reaction rate constant is a function of the
amount of impregnant which has been previously utilized
aridwhen f(m) is an involved function of m. One example
of this type of kinetics has been calculated in Appendix E,
and, although a practically linear relationship was ob-
tained between break time and bed depth (at lives in ex-
cess of-five minutes), no correlation could be obtained
which would adapt the results of this type kinetics to
Equation 1. However, the striking similarity between the
bed depth-break time relationships obtained and those re-
presented Qr Equations 1 and 2 suggested that a semi-
empirical relationship of the same type .might.be obtained
which would be sufficiently accurate. for design calculations.
E. General Technique of Research
Fellinger (4) stated that:
"The ultimate goal of a broad program of research
upon gas absorption in packed towers would be to obtain
the following information for the various packing available:
A collection of.the individual film coefficients, pressure
DECLASSIFIE~
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drop data., and loading and flooding characteristics,
and a correlation of these data with the main variables
assumed to control absorption tower operation such as
gas and liquor rates, diffusivity, viscosity, density,
.and possibly surface tension."
This type of data is equally desirable for the re-
moval of vapors by granular adsorbents with the elimination
of the variables which are peculiar to absorption tower
operation'and the inclusion of additional variables which
are peculiar to adsorption by fixed beds, the most obvious
example of which is the time variable.
It has been pointed out previously that the rate of
transfer from an air stream may be controlled by the rate
of diffusion or by the rate of chemical reaction with
the impregnants on the adsorbent. The initial problem
is to determine which Desistance is controlling (if either)
and to determine the rate functions and the equilibrium
'-""-\
relationships.
Theoretical, analytical relationships have been de~
rived, based on the assumptions that certain of the re-
sistances or combinations of the resistances control the
rate of transfer, and these serve as an excellent guide
for the investigations. For example, Equation 1, which
was derived on the assumption that diffusion through the
stagnant air film surrounding the granules controls,
immediately suggests experiments to determine the re-
lationship between bed depth (constant-cross section ad-
DECLASSIFIED
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sorbent bed) and time to a fixed effluent concentration.
The slope of the plot relating these functions can then
be compared to the theoretical slope pxedicted by Equation 1,
all the cont:r:,ollingvariables of which can be measured.
The intercept of this plot on the bed depth axis can
also be measured and experiments can be conducted to test
its dependency on the logarithm of the concentration ratio
as pre~icted by the equation. If correlation is obtained,
tests may then he conducted to determine the dependency
of the mass transfer coefficients, reflected by Ht, on
such variables as particle diameter, velocity, and agent
diffusivity which would be expecte<?-to affect the mass,
transfer coefficient.
,Other.experiments which can be conducted to establish
the rate c,ontrolling functions include (1) agent pick-up
M
by thin beds of adsorbent as a function of time and (2)
measurement of the effluent concentration as a function
of time.
Since the breathing resistance (resistance to air'
flovv) is also 'important in the design of gas mask canisters,
measurements were made of this quantity to determine the
effects of bed depth, flow rate, and particle diameter.
F. Further. Development. of Equations
In order that the equations might be handled as easily
as possible, a simplification-'was made in the development
of Equation lby the introduction of the function, Ht,
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commonly called the "height of a transfer unitlt and orig-"
inally presented by Chilton and Colburn (5) for use in
absorption tower design. This function, which is directly
proportional to the diffusional resistance, has the di-
mensions of length. For the particular case involving
low gas concentrations, the following equations apply:
(HTU)g Ht V (13)= = 1000 kga
(HTR)s Hr V (14)= = 1000 kra'
These functions shall be used throughout instead of
the mass transfer coefficient,kga,.and the reaction rate
constant, krat. In order to simplify the calculations,
~ was assumed t,ovary as some power of air velocity.
This assumption was verified later during the investigation.
In order to simulate actual use conditions as closely
as possible, the "Sine Wave Breather Canister Tester" was
developed by the Chemical Warfare Service in 1943. This
apparatus was designed to approximate the breathing char-
acteristics of the average man under conditions of heavy
exercise that might be anticipated in the field. It differs
from the constant flow rate machine on~y in that the average
flow was regula~ed to ?O l1~ers per minute and was made
to approximate a sine wave. Gas-laden air is drawn into
the canister being tested for 180 degrees of the sine wavei
the air flow is stopped for a time interval corresponding
to the other .180 degrees of the complete sine wave cycle;
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and this process is repeated 33 cycles per minute. The
resulting maximum or peak flow rate is 157 liters per
minute.
Equation 1 was derived for conditions of constant
flow rate. However, it is shown "in Appendix C that it
is theoretically equally applicable to "breather" testing
if Ht is,evaluated at an equivalent flow rate differing
from the average flow rate. This equivalent flow.rate de-
pends upon the ratio of the test to the break concentration
and upon the relationship between Ht and the linear air
velocity. For the proof of this similarity and the de-
tails of the application of the resulting relationships,
.see Appendix C.
Equation 1 was derived for a canister of constant
cross section. This type of canister is cpmmonly termed
an "axial flow canister" in the Chemical Warfare Service.
The other major design used by the United states
Army is the "radial flow canister". In this type canister,
the adsorbent bed is retained between two concentric
cylinders made of perforated metal. The air stream enters
the adsorbent bed at the surface of and perpendicular to
the outer cylinder and leaves through the inner cylinder,
commonly termed the inner tube.
The relationships between the variables for this type
of canister are derived in Appendix D. They are as follows:,
D = f;;"rl + 2 (x+l) (lOOO o)x In c~ j(i:I (4)
c r.. \ ~L c~
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t = 4
L
Q
No ~2 2" 4D k,l3(lOOOQ)~C D2 - De + e ~v K DeL1 . (5)
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III. PREVIOUS WORK
A.Adsorption.Isotherm
The amount of a gas adsorbed by an adsorbent when
equilibrium is established is a function both of the ad-
sorbent and the adsorbate. Such factors as surface area,
pore size, and pore shape of the adsorbent and the chemical
composition of the adsorbate play important roles. The
earliest attempt at correlation of adsorption data was
made by de Saussere (6) in 1814. He found that the most
easily condensed gases were adsorbed to the greatest extent
by a given adsorbent. Since t~at time, innumerable inves-
tigations have been made to determine the factors which con-
tr~l the quantity of gas which will be adsorbed under
any set of conditions.
The most common method of correlation of this type
of data has been by the adsorption isotherm which is the
relationship between the quantity of gas adsorbed and
pressure at constant temperature. A large number of
empirical and theoretical expressions have been derived
relating these variables. The most common of these are
the Freundlich equation (2) and the Langmuir equation (3).
These equations, although not universally valid, fit a
large proportion of the experimental data very well. The
Freundlich isotherm is represented by the.following ex-
pression:
(9)
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In this equation, n,is always greater than unity and
approaches unity with increasing temperature for any par-
ticular adsorbate. The value of k decreases with in-
creasing temperature.
In general, for a given adsorbent, the valuesof k
and n increase as the boiling point of the adsorbate in-
creases •. This general 'relationship is exemplified by the
data of Homfray (7) as analyzed ~ Freundlich (8) for the
adsorption of nitrogen, car~on monoxide, argon, methane,
ethane, and carbon dioxide on cocoanut charcoal.
Very little experimental data is available in the
literature concerning the equilibrium relationships of
the 'common war gases adsorbed on charcoals. No signif-
icance could be attached to the experimental values of k,
for these are a very sensitive function of the extent of
the surface of the adsorbent which can vary over extremely
wide. limits. However, data which would be indicative of
the order of magnitude of n would be desirable.
Bunbury (9) showed that, for the adsorption of phos-
ogene on activated charcoal at 18 C., n was equal to 4.33.
~ii and Huzita (10), studying the adsorption of phosgene
on sugar charcoal, obtained a value for n of ~5.l12.
An analysis of the data'of Kubelka (11), who deter-
mined the equilibrium relationships of chloropicrin and
activated charcoals, shows that, for the four charcoals
investigated, n varied from 3 to 4 for pressures below
one-tenth of the saturation value. At pressures above
DECLASSIFIE~
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'aeviation was obtained
from the Freundlich isotherm vii th the deviation toward
a higher value of n.
B• Rate o~ Establishment of Eouilibrium with Pure Fluids. .
It ha.s long been realized that physicG.l adsorption
cannot be instantaneous, for activation energies are knO\Vll
to exist. In addition, some time is required for diffusion
of the adsorbate into the pores of the adsorbent. However,
the rate~ are extremely rapid, oftentimes so rapid ths.t
they cannot be measured.
Freundlich (12) found that charcoal adsorbed the
equilibrium quantity of carbon dioxide in 20 seconds.
other investigators (13, 14, 15, 16, 17, 18, 19, 20, 21)
have v~rifiedthese extremely rapid rates, and, in prac~
tically all cases where chemical reaction does.not occur,
equilibrium is established within two minutes with over
90 per cent of the 'equilibrium quantity being adsorbed
within 30 seconds. Hougen and Dodge (22) found that water
is an exception to this generalization, the rate of
adsorption being quite slow.
Marc (23) conducted measurements of the rates of ad-
sorption of colloidal substances from aqueous dispersions
by activated charcoals. In his invest~gations, the dis-
persions wer_e agitated by a mechanical paddle, cmd it
was found that, by extreme agitation, equilibrium could
be established within six seconds as compared to hours
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when little or no; ag
Chemos6rption can also be rapid as was .shovm by
Emmet and Brunauer (24), but generally it is much slower
than physical adsorption because of the, higher activation
energies. An example of extremely slow chemical adsorption
was found by Taylor and Williamson (25) 'in the adsorption
of hydrogen on a manganese oxide catalyst.
C. Mass Transfer Coefficients-Gas Film-From Gas Absorption
Studies
The.determination of mass transfer coefficients in
packed absorption towers (liquid-gas) has been an important
topic of research in chemical engineering in the past
tWEnty years. In general~ there are two resistances which
can control the rate of transfer. These are the resistances
o~ the liquid and of the gas film. Experiments have been
conducted wherein -the liquid film resistance wa's virtually
eliminated. These include studies of the rates of adia-
batic~aporization of a pure liquid into an air stream and
of the rates of transfer to or from a liquid in which they
are 'very.soluble.
Since the gas film resistance for these conditions is
controlled by the same factors as for the adsorption of
a gas by granular solids~ the effect of such factors as
particle diameter and ,velocity of gas flow should be cor-
relative.
Sherwood and Holloway (26) made an excellent review
27
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of the reliable gas film data up to 1940. They reviewed
the work of the following investigators:
a. Kowalke, Hougen, and Watson (27) and
Chilton, Duffy~ and Vernon (28) who obtained extensive
data on the ammonia-water system.
b. Borden and Squires (29) who obtained lim!ted
data on the ammonia-water system.
c. Jolmstone and Singh .. (30) who studied the
vaporiza~ion of water into air.
d. Doherty and Johnson (31) who obtained data
on the ammonia-water system and the ammonia-acqueous
sulfuric acid system.
e. Holloway (32) who obtained data on the vapor-
ization of water into air.
As a result of this survey, Sherwood and Holloway
presented a correlation of the data in which the mas's
transfer coefficient (gas film) varied as the 0.7 power
of.the mass rate of flow •. At a consta~t temperature and
pressure this is equ~valent to a similar variation with
linear air velocity.
The data of Kowalke, Hougen, and Watson also showed
that the effect of temperature on the transfer coefficients
was very slight.
All the work referred to above was done in large ab-
sorption towers, using various com~ercial packings such as
Raschig rings, spiral tile, etc. with nominal sizes of one
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inch or greater. These packings bear no resemblance to
charcoal granules, and are especially designed for high
transfer area per unit volume consistent with low resis-
tance to air flow.' For this reason and because of the
great differences in size (normal Chemical Warfare Whet-
lerites vary from 0.4 to 2 millimeters in diameter), no
useful data can be obtained from the above experiments as
to the .'effect of particle diameter on the mass 'transfer
coeffiqient.
Although little data are available~on the effect of
packing diameter on the mass transfer coefficient, data
are available which show the effect ,of colum~ diameter
(wetted wall) on the gas film coefficient. The following
is an extract and recombination of the relationships
given in Chapter II of Sherwood's "Abso~ption and Ex-
traction'" (1).
It has been established that the following corre~
lation exists for wetted .wall c_o;1umns:
".......,. I
29
d/l = ~d V fJ) ·83~--1L) .44kl I D'. Jl v (15)
The amount of material transferred across an inter-
face per unit time may be expressed by the following
equation:
= DvPRTl (pg - p*)Pbm (16)
The gas film mass transfer coefficient, kg, is the
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"rate of transfer unit area per unit con-
centra:tion(or pressure) gradient. This is represented by
the following equation:
30
_ - Pv p
R T 1
(17)
substituting the value of 1 obtained from Equa~1on 16
'iri.toEquation 17, the following equation is obtained:
kg = DvP k2~ Vtj"S3 ~J.t )"44 (IS)R T d ~ Dv
This equa~ion predicts the effect of all the per~
\
tinent variables on the mass transfer coefficient in wetted
wall towers. As a worki~g assumption, it is proposed that
the,eq~~tion might be equally va~id for packed towers if,
particle diameter is sub~tituted fo~ column diameter and
the con,stant ch,anged. This substitution results in the
follow~g equation:
kg = ~v~ ~~ (D.p : f )"83 (f~ )"44 (19)
Since kg can,not be measured., it is convenient to
transform the equation toa volume basis by incorporating
the transfer area factor, a. This factor, which represents
the mass transfer area per unit volume of adsorbent,
varies inversely as the particle diameter if all the area
is equally active for mass transfer. Substituting this
It.: .......
relationship into Equation 19, the following equation is
obtained:
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k a = Dv P k3 (Dp V/,\83 ( Il ) 044 1 (20)
g R T Dp '\ JJ. 7 tf Dv "l:5p
Regrouping this equation to show the effect of each
of the variables, the followi~g equ~tion is obtained:
P k3 (DV).56(V).83(fi)_39
kga = R T (Dp)lol'l(IJ.)056
In normal chemical warfare adsorbent testing, P, R,
'T,f' an~ J.l.arehe~<;lconstant so that the equation can be
simplified to the following:
(22)
That this equation is not completely applicable is
shown by the difference between the exponent of the
velocity term (equivalent to the mass flow rate) and the
value of O.7'obtained by Sherwood and Holloway_ However,
the agreement is sufficiently accurate to warrant further
testing of the equation. Experiments of this nature have
been conducted by Gamson, Thodos, and Hougen (33) and by
Hurt (34).
D. Mass Transfer Coefficients-Small Diameter Packing
A limited amount of work has been done quite recently
to determine the mass transfer coefficients in beds of'
small, granular solids. Gamson,. Thodos, and Hougen made
measurements of ,the mass transfer coefficients for the
-vaporization of water from wetted granules into a flowing
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air stream. The data were correlated by the method of
transfer units which were related to the Reynolds and
the Prandtl numbers. The results of their investigations
are shown in Fig. 1. These data show that Ht varies di-
rectly as the 0.67 power of the Prandtl number and in-
ver'sely as the surface area, a. For. modified Reynolds
numbers in e~cess of 300, Ht varies as the 0.42 power.. ~
of the Reynolds number. For-values of the Reynolds num-
ber below 60,.Ht varies as the 1.0 power of the Reynolds
number.
Hurt made similar measurements and, in addition, de-
termined the transfer coefficients from data on the rate
of vaporization of naphthalene into a flowing air stream.
The results of his investigations are shown in Fig. 2.
These data also show that ~ varies directly as the 0.67
power of the Schmidt number, but the variation with "a":,
the surface area,. is inconclus1ve. Over the range of Rey-
nolds numbers investigated, Ht varies as the 0.25-0.45
power of the Reynolds number. This is in variance with
. ,
the data.~f Gamson, Thod~s, and Hougen.
E. Integrated Equations for Unsteady state Mass Transfer
in Packed Adsorbent Beds
._,~
1. 'Introduction
Several investigators have considered the math-
ematics involved in the calculation of the performance
of an adsorbent 'or catalyst bed. The ultimate aim of
these inves~igations was to obtain.analytical relation-
I
DECLASSIFIED
(.; ;
w
lJ
;r
.'
~. r~
lJ
n
Z '.J
W .. '
lj e,;
N '....U
G
1
DECLi\,SS1..flLD
MODIFIED REYNOLDS NUMBER
., .. L _6
33
DECLASSiFIED 34
fl
l..
L.:(l.
.t
La. r~
C. ~,
-:.
Q: X~
','Z w~ .J
(j U
N >-~ LJ
:J
D
OJ
tJ U
:) I~ t
0 ....~ 0:.
0(
t:
:J 0
...l
DECLASSIFIEQ 3 5
ships between concentration, time, and bed depth. The
analyses of this problem differ in the assumptions made
as to'the rate-controlling factors and the form of the
rate function. The following is a summary of the con-
tributions of-the known investigators--their assmnptions
and the resulting relationships.
2. Particular 'Equations
a. Bohart and Adams (35)
The earliest investigators in the field
were Bohart and Adams who became interested in the pro-
blem during their investigations of the behavior of char-
coal in the removal of chlorine from humid air streams.
They assumed that the rate of chemical reaction between
adsorbed chlorine and water controlled the rate of re-
moval from the ,air stream and expressed the rate function
Qr the following equation:
dm/dt = k (No - m) C (23)
This equation states that the rate of chem-
iCal reaction is directly p~'bportional to the unused ca-
pacity, No - m, and to the concentration in the air stream.
The solution of this equation, in combination with a mater-
-ial balance, results in the following expression:
-kCl t ( k ~roA (1000)
e e V - 1) (24)
Except for very small bed depths, it was
shovm that the exponential term inside the parentheses
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is very large as compared to unity and that the unity
term c'ould be neglected. This results in the following
simplified relationships:
36
t = - 1) (25)
t = No A ~\C Q 1\.-
1 "
9. In( Cl - J
A K No C2 ~
(26)
This equation was derived later by Hin-
shelwood (36) who assumed that the rate of adsorption
after transfer to the surface controlled the overall
rate. Therefore, in Hinshelwood's analysis, k is an ad-
sorption rate constant and not a chemical reaction rate
constant. The integrated relationships (Equations 25 and
26) are commonly known as the Hinshelwood Equations.
b. Mecklenberg (37, 38)
Mecklenberg assumed that the rate of dif-
fusion from the carrier air stream to the surface of the
adsorbent controlled the rate of removal from the air
stream and expressed the rate by the following equation:
\ Dv a c"*)oC/o/\ = ----y- ( C - (27)
This equation was combined with a material
1 · *balance, and, in order to a low integrat~on, C was
assumed to be constant regardless of the adsorbate content
of the adsorbent. The integration resulted in the following
DECLASSlFIE~
equation:
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1000 No [
t = CIV t.-
Mecklenberg defined a new term which he
called the "dead layertr by the following equation:
h' = V 1 - c*---- In _Cl _1000 Dvaa C2 ~ (29)
substitution of this expression into
Equation 28 results in the following equation:
t = (30)
Mecklenberg's data showed that, for the re-
moval of chloropicrin, the slope of the bed depth-break
time plot was as predicted by Equation 30. He also showed
that the following relationships were valid: (1) the
dead layer varied as the square root of the velocity, (2)
the dead layer varied directly as the particle diameter,
and (3) at a constant effluent concentration, the dead
layer varied as the logarithm of the influent concentration.
c. Beaton and FUrnas, (39)
Beaton and Furnas also assumed that the
rate of diffusion from the fluid stream to the surface
of the granules controlled the rate of transfer. They
expressed this assumption by the following equation:
(8)
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They further assumed that C~ was directly
proportional to the adsorbate content of the adsorbent
(in their particular case~ the cation content of a base-
exchange zeolite). This assumption is equivalent to the
assumption that the adsorption isotherm follows Freundlich's
adsorption equation with n equal to unity. The inte-
grated relationships obtained by combination of these
assumptions with a material balance is discussed in de-
tail in Appendix A.
d. Engel and Coull (40)
Engel and Coull made measurements of the
effluent concentration as a function of time for the re-
moval of ether vapor from an air stream flowing through
an activated charcoal bed. They did not attempt to de-
rive a theoretical equation, but they obtained the fol-
lowing empirical relationships:
38
~ t-a ~C - C o.50 1 + ,J; J 0b e_x2dx1 =Cl
a = 1260 (CIV)-1.12 + 3
b = 380 (C1V)-1.13 + 2
.3. Discussion of Particular Equations
(31)
(32)
(33)
a. Bohart and Adams (Hinshelwood) Equation
The differential equation (Equation 23)
which was proposed by Bohart and Adams is the result of
several assumptions. The first of these is that the-rate
of chemical reaction is controlling and that it is pro-
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portional to the agent in the air stream.
Since chemical reaction must occur on the adsorbent, J.'t
13 not immediately obvious why the rate should depend on
the concentration in the air stream. However, if the
chemical reaction rate does control, it can be shovvn that
the equilibrium concentration from .the adsorbent rapidly
approaches the concentration in the air stream. Since
the equilibrium concentration from the adsorbent is a
measure of the mobility of the molecules on the surface
of the adsorbent, it is logical that, for a first order
reaction, the reaction rate should be proportional to it.
The second assumption is that the rate of
chemical reaction is proportional to the unused capacity
of the adsorbent. This is equivalent to assuming that
all surfaces on the adsorbent are equally active.
The equation neglects the time required
for the adsorbent to become saturated with physically
adsorbed gas and th~ chemical reaction which occurs during
the "physical saturation" period.
The validity of the foregoing assumptions,
and the effect of neglecting the time required for physical
saturation must be demonstrated before the integrated re-
lationship (Equation 24) can be used to.correlate adsorp-
tion data or to predict performance.
b. Meckleriberg Equation
The differential equation proposed by Meck-
lenberg (Equation 27) is in agreement with the present
knowledge of mass transfer through a stagnant air film.
39
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The assumption that C* , the equilibrium concentration,
is constant for all values of the adsorbate content is
believed to be very weak, for if such were the case the
effluent concentration would be constant. It is inter-
esting to note tha~ if C* is assumed to be negligible~
,Mecklenberg's integrated relationship (Equation 28) re-
duces to the'following:
t = V 1 Cl Il...1000 Dvaa (In C2 -l~ (34)
This equation is identical to that derived
in Appendix A for the particular case wherein the rate
of diffusion through the stagnant air' film controls and
n in Freundlich's isotherm is equal to infinity.
c. Equation of Beaton and Furnas
The differential equation proposed by
Beaton and Furnas (Equation 8) is identical to that of
'Meckl~nberg except that certain terms have been consoli-
dated into a single function. In the use of this equation
it must be borne in mind that the integrated relationships
were obtained on the assumption that the adsorption iso-
therm is linear and that it is not applicable for any
other type.of. isotherm. This limitation has not always
been realized in the application of the integrated re-
lationships to experimental results.
d. Equation of Engel and Coull
The empirical equation of Engel and Coull
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must be used with caution, for dimensionally, it is un-
sound. The term, t-a/b, is a mixed"function,-dimensionally.
F. Experimental'Data for Mass Transfer from Flowing
Air streams to Adsorbent Beds
1. Reversible Physical Adsorption
a. Experimental Data
Several Chemical Warfare Service reports
have been concerned with the so-called "adsorption wave".
These investigations were devoted to measurements of
effluent concentrations as a function of time. The ma-
jority of these reports, however, do not include data
for effluent 'concentrations below ten per cent of the in-
fluent"concentration and are, therefore, dealing with the
'region wherein the back pressure 1~ significant.and the
plot of the logarithm of the effluent concentration vs.
time is 'not a straight line and can not "be analyzed. Fur-
thermore; very few of these reports specify all the per-
tinent variables.
A very excellent investigat~on of this
type was ,conducted by Dole and Klotz (41) who measured
effluent concentrations near the normal break values
(approximately one per cent of the influent concentration)
to the influent concentration with high accuracy. In-
stantaneous "concentrations were obtained by the use of
an ultraviolet photometer, a 'great improve~nt in tech-
nique over the standard chemical indicators which have an
"appreciable time lag.
Measurements were made for the adsorption
DECLASSIFIED
DECLASSIFIED 42
of phosgene 'and chloropicrin from moisture-free air by
dry charcoal. This precaution eliminated the hydrolysis
.of phosgene thereby limiting the mechanism of removal to
physical adsorption. Selected data from the above report
are"shown in Figures 3, 4, 5, 6, and 7.
b. Correlation of Data by Equation 1
(1) Correlation of No with Slope of Bed
Depth-Break Time Relationship
Equation 1 states that the slope of
the bed depth-break time plot should be represented by
the following equation:
s = (35)
No = Cl V S1000 (36)
Bed depth-break time plots were made
from the data of Figs., 3, 4, and 5.for a break concen-
trat~on of 20 parts per million (20 p.p.m.) Break times
were adjusted to a nominal influent concentration (7 mg./L.
for the phosgene tests and 51 mg./L. for the chloropicrin
tests) tv a linear scaling. This method of-adjustment
has been found to be valid if the actual influent concen-
tration does not differ by more than ten per cent from the
nominal concentration; it is a standard Chemical Warfare
Service canister testing procedure. The resulting plots
are shovm in Figs. 8 and 9. Table I shows the values of,
the variables and the values of No calculated by Equation 36.
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Table I
Determination of Nflfor Phosgene and Chloropicrin
from Bed epth-Bfeak .Time Plots
Agent V Cl S No
(cm./min. ) (mg./L) (min./cm. ) (mg./ml.)
Phosgene 325 7.0 19.7 45
Phosgene 672 7.0 9.60 45
Chloropicrin 670 51.0 9.65 330
The data of Table I show that, for
phosgene, No is a true constant at a fixed influent con-
centration as predicted by Equation 1. Insufficientdata
were available to test its constancy for chloropicrin.
(2) Determination of Mass Transfer
Coefficients..
Rearrangement of Equation 1 results
in the following equation:
Cl V t
= ----lOaD NoHt (37)
This equation states that the slope
of the straight line portion of the plot of the logarithm
of the effluent concentration as a function of time may
be represented by the following equation:
s' =
Ht = CIV .1000 NoSI
(38)
(39)
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Figs. 6 and 7 show the plots (data
of Dole and Klotz). of.effluent. concentration as a func-
tion of time for phosgene and chloropicrin at several air
velocities. Only the linear, lower portion of several of
.the plots is shovm. Tables II and III list the values of
the variables and the values of Ht calculated by Equation 39.
Table II
Determination of Ht for Phosgene from Effluent
Concentration-Time Relationships
V Cl No S' lIt
(cm./min. ) (mg./L.) (mg./ml.) (min)-l (cm.)
.103 7.09 45 .145 .112
226 7.04 45 .243 .146
325 6.81 45 .227 .217
672 7.15 45 .325 .324
974 6.96 45 .382 .405
Table III
Determination of Ht for Chloropicrin from Effluent
. ,Concentra ion-Time Relationships
V C1 .No S' Ht
(cm~/min.) (mg ./L.) (mg./ml.) (min)-l (em. )
335 52.2 330 .262 " .197
400 50.8 330 .312 .197
470 51.4 330 .308 .237
550 53.3 330 .328 .272
"
670 51.8 330 .408 .258
The calculated values of lit are plotted'
DECLASSIFIED
in Figs. 10 and 11 as a function;of ve~ocity. Fig. 10
shows that, for phosgene, Ht varies approximately as the
0.5 power of the superficial linear velocity. The data
which were employed for Fig. 11 do not cover a sufficiently
large velocity range to warrant relating. by a straight
line. A dotted line with a slope of 0.5 was dravm through
the points to approximate the relationship.
(3) Determination of ~
Equation 1 predicts that the inter-
cept of the straight line portion of the break time-bed
depth plot (apparent.critical bed depth) may be ex-
pressed .tv the following equation:
Ac = lit( 1n Cl -(3)C2
(!;= ln~ A.c--C2 Ht
(40)
(41)
The values of' Ac obtained from
Figs. 8 and 9 are the result of a long extrapolation,and
~re not sufficiently accurate for the determination Of~,
for the value of ~ is extremely sensitive to the value of
-Ac.
2. Effect of Moisture Vapor in Air stream on Phos-gene Removal
Dole and Klotz conducted several tests to de-
termine the effect, of moisture in the air stream on the
phosgene effluent concentration-time relationships. Se-
~ected data from these 'measurements are shovm in Fig. 12 •
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The data show the difference between the effluent con-
centration-time relationships for two tests made under
identical conditions except that in one instance the re-
lative hwnidity of the air stream was zero and in the
other instance it was 50 per cent. The data show that
the time to a specified effluent concentration is in-
creased by the presence of moisture in the air stream
and that the rate at which the effluent concentration
approaches the influent concentration is greatly retarded.
These facts indicate that moisture in the air
stream is transferred to the surface of the adsorbent,
r€sulting in a slow chemical reaction between the adsorbed
phosgene and water which increases the life and retards
the attainment of equilibrium.
DECLASSIFIED
DBCLASSIfIED. 57
IV. Purpose of This Research
The purpose of this research was to obtain data
which would serve as a basis for th~ design of the ad-
sorbent sections of gas mask canisters. In the past
canisters were designed by the trial and error method.
This necessitated a myriad of tests for each particular
proposed construction. Interpolation and extrapolation
from any chosen, proved design to a slightly or radically-
different design was impossible.
In the design of collective protector canister~,
such a procedure is impractical, for large volumes of
air must be purified and trial and error methods would
result in exorbitant wastage of whetlerite which is a
relatively expensive material. In addition, the handling
of such large volumes (up to 300 cubic feet per minute)
of contaminated air at the high test concentrat~ons is
dangerous, for even small leaks can result in lethal con-
centrations.
The author was engaged in the design of collective
protector canisters for the Chemical Warfare Service at
the time this research was initiated. The above argu-
. ~ents were the basis for the instigation of a program to
determine the factors which control the performance of an
I.
adsorbent bed so that the design could be calculated and
the calculations checked with a minimum of experiment.
Another advantage of the development of mathematical
relat~onships is the ease with which optimum designs can
DECLASSIFIED
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be established. The method of trial and error design,
although it can accurately establish the performance of
a particular design, can not easily be used to establish
the optimum design, for there are many independent varia-
bles whic~ affect the performance.
The ~owledge of mass transfer rates in packed ad-
sorbent beds composed of small particles was practic~lly
non-existant at the time this research ,was initiated, and
the results obtained during this investigation should
add to such data as that obtained by Gamson, Thodos, and
Hougen (33) and Hurt (34). This data should. aid in the
design of such commercial equipment as solvent recovery
systems, noxious gas removal systems, water softening
(base exchange) equipment, catalyst beds, etc.
Choice of the operating variables to b~ investigated
and the ranges of these variables to be covered was dic-
tated by the Chemical Warfare Service standard test pro-
cedures and the known practical'limits of adsorbent bed'
size as governed by size and volume of the res~lting com-
plete canister. The following variables were considered:
1. Linear Air Velocity
The air flow rates of the standard Chemical
Warfare Service test methods were employed. These are
32 liters per minute, constant flow, and 50 liters per
minute, breather flow. In addition, ..tests were run at
64 liters per minute, constant flow. Canisters with two
different cross sectional areas (axial flow canisters)
DECLASSIFIED.
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were employed in the tests so that a maximum of six
velocities was studied.
2. Particle Diameter
It was mentioned in.Appendix'F that the
standard Chemical Warfare Servicewhetlerite is a 12-30
mesh materIal. (U. S. Standard Sieves). These standard
whet1erites were .separated by screening into 12-16,
16-20, 20-30, and 30-40 sieve sizes. Tests were made
with blends of these sieve sizes as well as with the
pure fractions.
3 •. Adsorbents
~Several standard Chemical Warfare Service
whet1erites were tested. These consisted of two U11im-
pregnated whet1erites, one Type A impregnated whetlerite,
one Grade II (inferior quality) Type ASC impregnated
whetlerite, and several Grade I (superior quality)
TYpe ASC impregnated whet1erites.
4.' Adsorbent Bed Depth
The adsorbent bed depths investigated
were governed by the test conditions so that excessively
long break times would not be obtained. Generally, the
bed depths were maintained so that the break time fell
"between.five and 120 minutes •. The range of bed dept~s
was from 0.5 to 5.5 centimeters.
5~ Test Gases
All tests were conducted with the five
standardChemicalWarfare Servicenon-persin~f~j~~:
chloropicrin (PS), phosgene (CG), cyanogen chloride (CK),
DE CLASSIPIED;
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hydrocyanic acid (AC), and arsine (SA).
6. Concentrations
For the great majority of the tests, the
influent and effluent concentrations were held constant
for each particular agent at their standard test values.
However, in order to establish the validity of.the equations,
several tests were made to determine the effect of these
variables on the apparent critical bed depth.
7. Temperature
The standard Chemical Warfare Service
test methods prescribe only that- the te~perature of test
shall not be less than 700 F. In these investigations,
the additional stipulation was made that the temperature
should not exceed 950 F. No attempt was made to deter-
the effect of temperature within this range.
It was, therefore, the object of this thesis to in-
vestigate the removal of the standard Chemical Warfare
SeTvice non-persistent agents"by the standard Chemical
Warfare Service whetlerites and to determine the effects
.
of linear air velocity, particle diameter, adsorbent bed
depth, ty.pewhetlerite, and influent and effluent concen-
trations on the performance of beds of these adsorbents.
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v. Experimental Procedure
A. Test Apparatus
The equipment which was used for the measurement of
adsorbent bed performanc~ was the standard Chemical War-
fare Se~vice canister-testing apparatus d~scribed in
Chemical Warfare Pamphlet No.2, Part I, Sections A, B,
I, J, and L. For a complete description of the apparatus,
which differ slightly -for each agent, the reader is re-
ferred to the above pamphlet. A bri,ef .description, how-
ever, is shown in Fig. 13 for the Chloropicrin, constant
flow test apparatus.
For chloropicrin testing, a controlled quantity of
air is forced .under pressure through a bottle of .liqu~d
chloropicrin the temperature of which is held constant Qr
a thermo-regu~ator. This air stream passes through the
..
chloropicrin at such a rate that practical saturation is
obtained. The saturated air stream is then mixed with
the main air stream, -and the ratio of the tWG streams is
regulated to give the desired concentration. This con-,
centration is checked periodically by sampling 'a designated
volume of the air-gas mixture and analyzing chemically
for chloropiqrin.
This mixed stream is dravm through the canister and"
the pressures are so regulated that the air stream entering
the canister is essentially at atmospheric pressure. A
sample of the effluent air stream is continually drawn at
a steady' rate through a bubbler. This bubbler contains
62
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a chemical and an indicator, and the volume and concen-
tration are such that a color change occurs when a de-
signated quantity of agent has been drawn into the bubbler.
Thus, this indicator measures a cumulative penetration
by means of a time titration.
The differences among the test apparatus for the
various agents are in the method of obtaining the desired
concentration in the influent air stream. Cyanogen
chloride and hydrogen cyanide concentrations are obtained
in.the same manner as chloropicrin concentrations. Phos-
gene concentrations are obtained by bleeding the required
amount of pure phosgene into the main air stream from a
tank of liquid phosgene, the rate being controlled by
an orifice in the phosgene line. Arsine concentrations
are obtained in a similar manner except that a reservoir
of compressed arsine gas (ma~e by chemical reaction during
the test) is used as the supply source •
.B.Procedure for Test Measurements
1. Separation o~ Particle Sizes
All whetlerites available for test contained
particle sizes varying over a considerable range •. There-
fore, prior to any test, all whetlerites were separated
into 12-16, 16-20, 20-30, and 30-40 sieve size fractions.
This separation was performed by the procedUre prescribed
in Chemical Warfare Service Pamphlet No.2, Part III,
Section L. One hundred grams of the whetlerite was placed
on the top screen (8 mesh) of a series of 8, 12, 16, 20,
DECL}~SS!FIED
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30, and 40 U. S. -Standard sieves. These were placed in
a standard "Ro-Tap" machine and screened for three minutes •
.After this period, the whetlerite from each screen was
removed, dried for eight hours at 2500 F., and sealed in
separate air-tight containers for future use.
2. Measurement of Adsorbent Volume and Apparent
Density
The volume of adsorbent used in each test was
measured with the standard Charcoal Volume Meter, EI,
which is described in Chemical Warfare Service Pamphlet
NO.2, Part III, Section L. Essentially, this meter
measures the "free fall" volume of the adsorbent. The
adsorbent is allowed to fall freely for approximately
two feet and is distributed over the entire area of the
meter by a series of wires arranged in checker board
fashion at three levels of the fall. The charcoal falls
into a.graduated cylinder which affords a means of measuring
the volume. A slide valve is located at the bottom of
the cylinder to facilitate removal of the measured volume
of whetlerite.
The apparent density of the adsorbent was de-
termined by weighing a measured volume of the adsorbent
and dividing the weight by the volume, the result being
expressed in grams per milliliter.
3. Packing of Adsorbent into Canister for Evaluation
A measured volume of the adsorbent was filled
by free-fall into the 'canisters in a manner identical to
the measurement of the adsorbent volume except that the
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canister replaced the gr~duate~ cylinder. The diameter
of the free-fall column .was maintained equal to the dia-
meter of the canister being filled.
In order to avoid any possible differences i~
bed depth which might result from an unequal distribution
in the filling tower, the canisters were rotated at.ap-
proximately 5 R.P.M.This would not eliminate large dif-
ferences in distribution, but it would minimize small dif-
ferences.
The adsorbent was restrained from movement in
the canister by means of spacers located at each end of
the adsorbent bed. The top spacer (effluent side) was
permanently beaded into the canister and supported the
charcoal during the filling operation. After filling,
the bottom spacer was forced onto the surface of the ad-
sorbent bed with a light load and was held in that posi-
tion by friction with the canister wall. No measureable
compression of the charcoal occurred during the insertion
of this spacer.
The spacers were so designed that they did not
interfere with air flow to any appreciable extent except
at the periphery where a O.25-inch baffle was located.
This baffle, which was designed during the development of
the Mll Combat Canister, served to prevent Channeling
along the canister wall (espec1allJr after rough usage)
and to strengthen the spacers which are normally subjected
to appreciable loads.
DECLASSIFIED
,; DECLASSIFIED 66
Fig. 14 shows the general construction of the
canistars and spacers used, f,or these tests.
4. Measurement of Air Resistance
Air was drawn through the adsorbent beds at a
rate m~asured by a calibrated orifice. The difference in
the pressure at the influent and effluent sides of the ad-
sorbent bed was. measured by an Ellison Draft Gage accurate
to 0.1 millimeters of water differential pressure.
5. Measurement of Break Time
The agent-contaminated air stream was dra\vn
through the adsorbent bed, and a record was kept of the
time the air..stream passed through the bed. When the
I fir st bubbler "broke 1f (chang ed color) it was replac ed
immediat'ely be a new bubbler. This .process was repeated
until the time interval between bubbler breaks was equal
to or less ,than the time required to break the bubbl~r
with the specified break concentration. The time interval
from the start of the'test to the start of the time in-
tepval during which the break occurred within the speci-
fied time interval was taken as the break time.
A variation of plus or mL""lusten per cent from
the nominal test concentration was allowed., and the re-
sults were adjusted to the nominal test concentration by
a linear scaling.
These test procedures are in accordance with
Chemical Warfare Service Pamphlet NO.2, Part I; further
____details-of the experimental procedure can be obtained
from this pamphlet.
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6. Measurement of Saturation Capacity
The saturation capacity of the adsorbent for
chloropicrin was measured by drawing chloropicrin-laden
air through a measured volume of adsorbent and measuring
the gain in weight at constant weight. In these tests,
bone-dry air was employed to avoid moisture gain by the
adsorbent.
VI. RESULTS
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Table IV
Variation of Air Resistance with ~fuetlerite Type
Blended Misture of Thirty Production Lots*
250 mI., Mll Canister, 85 L./min~
Type. Sieve Analysis Air
Whetlerite 12-16 16-20 20-30 30-40 Resistance
(per cent) (rom.Water)
HH 100 18.6
AD 100 21.0
ce 100 24.4
HH -- laD 26.4AD 100 27.8
ce. 100 31.0
HH 100 44.1
AD 100 45.3
CC 100 48.9
HH 23.2 44.6 29.2 3.0 35.5
AD 23.2 50.9 23.0 2.9 34.8
ce 16.9 50.6 29.2 3.3 40.5
*HH Lots: HH3-455 to HH3-485
AD Lots: AD3-1079 to AD3-1107
ee Lots: CC3-1737 to CC3-1833
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Table V
Variation of Air Resistance with ~~etlerite Type
Single Production Lots
250 m1., Ml1 Canister, 85 L./min.
Type Sieve Analysis Air
Whetlerite 12-16 16-20 20-30 30-40 Resi~tance
(per cent) Imy- Water)\ .il.
AD3-1760 100 19.1
BD3-1750 100 20.3
HlI3-465 100 18.8
CC3-1088 100 .20.3
CC3-900 100 19.4
AD3-l76a 100 27.5
BD3-r1750 100 27.2
HH3-465 100 26.8CC3-1Q88 100 29.8
dC3-900 100 - 27.2
AD3-l760 100 42.0
BD3-1750 100 43.4'
HHa-465 100 41.2
CC3-.1088 100 46.6
CC3-900 100 46.2
AD3-1760 20.0 50.0 30.0 32.0
BD3-1750 20.0 50~.0 30.0 34.2
HH3-485 .20.0 50.0 30.0 31.8
CC3-1088 ...20 ~0 /50.0 30,0 36.8
AD3-1760 19.8 47.9 28.6 4.7 35.5
BD3-:!-750 19.8 47.9 28.6 4.7 38.0
HH3-465 19.8 47.9 28.6 4.7 35.4
CC3-1088 19.8 47.9 28.6 4.7 40.2
CC3-900 30.0 60.0 10.0 28.1
CC3-900 30.0 40:0 30.0 33.3
CC3-900 30.0 70.0 40.9
•Table VI
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Sieve Analyses for Blends Used in Break Time Studies
(12-30 Mesh Whetlerite)
Whetlerite v\1het1erite Sieve P...na1ysis
Designation . Type 12-16 16-20 20-30 30-40
(per cent)
AD3-:255 ASC 37.4 40.7 20.7 1.2
MIT3-4713 A 30.3 43.3 23.8 2.6
HC3-361 ASC 31.1 40.2 25 •.7 3.0
CC3-900 ASC 20.5 47.5 28.4 .3.6
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VII. Discussion of Results
1 07
A. Experimental Results
1. Axial Flow Adsorbent Beds
The- experimental results of this thesis have
been presented in 34 figures and three tables, illus-
trating the effects of the mechanism of removal, satur-
ation capacity, air flow rate, particle diameter, and
break concentration on the performance of an adsorbent
bed through which gas-contaminated air is dra~n. The
points which are plotted in these figures have been cor-
rected by a linear scaling for minor variations in con-
centration and are, for the most part, averages ot two or
more duplicate tests. The original data points, as cal-
culated, are tabulated in Appendix G.
The results are discussed in the order which
it is believed will result in the most complete and readily
grasped understanding of the factors affecting the per-
formance of the adsorbent sections of gas mask canisters.
a. Mechanism of Removal of the Five Standard
Agents by Type ASC Impregnated Whetlerite
It was stated previously that the five stan-
dard non-persistent Chemical Warfare Service agents are:
(1) chloropicrin (PS), (2) phosgene (CG), (3) cyanogen
chloride (CK), (4) p~drocyanic acid (AC), and (5) arsine (SA).
In order to establish the mechanism by which each of these
agents is removed by Type ASC impregnated whetlerite, tests
were conducted .inwhich bed depth-break time curves were
DECLASSIFIED.
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obtained for (a) an unimpregnated whetlerite and (b) a
TYpe ASC impregnated whetlerite.
The tests with the unimpregnated whet-
lerite were conducted using a carrier air stream at a
relative humidity of 30 per cent; whereas, the tests
with the Type ASC impregnated whetlerite were conducted
using a carrier air stream at a relative humidity of 50
per cent. The reason for the use of a low relative hu-
midity for the unimpregnated charcoal tests was to pre-
clude the complication of chemical reaction between ad-
sorbed agent and adsorbed vlater and to limit the mechanism
of removal, to reversible, physical adsorption. This was
done as a safeguard although it was shown that the mois-
ture gain of adsorbent beds during performance tests is
negligible even at relative humidities as high as 50 per
cent(43). A previous,report by the writer and others (42)
showed that only very small amounts of water are adsorbed
by charcoal in equilibrium with 'air at 30 per cent rel-
ative humidity. The nature of the water adsorption iso-
therm is illustrated in Fig. 49.
The tests with the Type ASC impregnated
whetlerite were conducted at 50 per cent relative hu-
midity because that is the standard test humid~ty for
the evaluation of adsorbent beds.
The results of these tests are shovm in
Figs. 15, 16, .17, 18, and 1,9.
It was shown in Appendix A that the slope
of the bed depth-break time curve, for reversible ad-
" 'It c~'fl'EDT>'ECt.:!.'..,- ...J
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sorption, should be proportional to the saturation ca-
pacity of the adsorbent at the test concentration. Al-
though the saturation capacity varies to some extent
with the degree of activation of the base ch8~coal, the
great differences in the slopes (comparison of slope of
U11impregnated and impregnated charcoal curves) of the
bed depth-break time curves for, phosgene, cyanogen chlor-
ide, hydrocyanic acid, and arsine indicate that these agents
are removed to a large extent by chemical reaction with
the impregnants. The slopes of the chloropicrin bed depth-
break time curves, however, are practically identical in-
dicating that this agent is removed ~J both types of ad-
sorbent by physical adsorption.
Another method of distinguishing between
the two.g~neral mechanisms of "r'emoval(physical adsorption
and chemical reaction) is the analysis of the intercept
of the linear portion of the bed depth-break time plot
on the bed depth axi.s. Although the extrapolation of
these plots for phosgene, cyanogen chloride, hydrocyanic
acid, and arsine removal by the unimpregnated charcoal
are not highly accurate, they are sufficiently accurate
to establish the fact that, for these four agents, the
intercept (ap~arent critical bed depth) is much smaller
for the unimpregnated charcoal than for the Type ASC im-
pregnated whetler~te. This is definite proof that some
rate other than the rate of transfer through the stagnant
air film surrounding the granules controls the rate of
removal of these agents from the air stream.
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The apparent critical bed depths a~e
identical for chloropicrin. This substantiates the con-
clusion that the mechanism of removal of chloropicrin
by Type ABC impregnated whetlerite is by physical ad-
sorption and that the rate of diffusion through the stag-
nant air film surrounding the granules controls the rate.
b. Chloropicrin Performance
:(1) Slope of Bed Depth-Break Time Curve
It is shown in Appendix A that, for
Type I kinetics, the slope of the bed depth-break time
curve is.related to the saturation capacity of the ad-
sorbent at the test concentration rrf the following equa-
tion for those cases when n in Freundlich's isotherm
effectively exceeds two:
=
Cl Q S
A (36)
The adsorption isotherm was deter-
mined for a particular, unimpregnated charcoal and chloro-
picrin in order to establish the validity of this theor-
etical equation. The results are sho~n in Fig. 20. For
this particular adsorbent, n in FreUlllilich'sequation
varies from six to eleven. Equation I should be valid
for these high values of n, for the criterion is not that
n shall be constant and exceed two but that the isotherm
shall at all points be such that the equilibrium concen-
tration at any particular adsorbate content shall be less
than it would be were n to equal two.
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A bed depth-break time curve was de-
termined for this particular charcoal. This curve is
shown in Fig. 21. These tests were conducted at a test
concentration of 65 mg./L. Under these conditions, the
saturation capacity is obtained from Fig. 20 to be 400 mg./ml.
The saturation capacity, calculated from the slope of the
bed depth-break time curve and Equation 36, is 356 mg./m1.
which is 90 per cent of the actual value. This ten per
cent discrepency may be caused by (1) the presence of the
influent and effluent baffles, (2) the heat of adsorption,
or (3) the slowness of the final stages of adsorption on
the granules.
(2) Effect of Velocity on Slope of Bed
Depth-Break Time Curve
A series of tests was made tb deter-
mine the effect of velocity on the chloropicrin bed depth-
break time relationships. The dependent variabl~s under
investigation were the slope of t~e bed depth-break time
curve and the app~rent critical bed depth. These tests
were conducted 'in the MIl canister at 32 L./min, constant
flow, 64 L./min, constant flow, and 50L,!/min., breather
flow. The results of these 'tests are shovm in Fig. 22.
The breather data were analyzed qy
the method proposed in Appendix c.
The following tabulation shows tp4t
No , as obtained from the slope of the bed depth-break time
plots, is constant as predicted-crt Equation 1.
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Table VII
Constancy of No for Chloropicrin Adsorption
Flow Rate Slope CI ,A No
(L./min. ) (min./em. ) (mg ./L.) (sq.em.) (rug./ml.)
32 C.F. " 46.5 10.0 .87.0 171
64 C.F •. 23.9 10.0 87.0 176
50 B. 31.7 10.0 87.0 182
Average 176
(3) Effect of Ratio of Test to Break Con-
centration on Apparent Critical Bed
Depth
No data, were obtained in this thesis
to determine the relationship between the ratio of the
test to the break concentration and the apparent critical
bed depth, for the work of Dole and Klotz (41) showed that
Equation 40, derived in Appendix A, was valid. Their re-
~ults are shown in Fig. 50. They are plotted ~~ the
apparent critical bed depthvs. the natural logarithm of
the ratio of the test to the break concentration. The
straight-line relationship which is obtained is in agree-
ment with Equation 40 which is as follows:
\ Cl
I\c = Ht (In C2 -I) (40)
The intercept of this straight line
on the concentration ratio axis is equal.tol and, in this
particular instance, is approximately 0.5. The accuracy
of the measurements is not sufficient to warrant a precise
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evaluation ofj3 , but it is sufficiently accurate to in-
dicate a value between zero and unity. This, also, is
in complete agreement with the conclusions of Appendix A.
Throughout this thesis, ~ is considered as unity for
chloropicrin because n in FreundlicllfS isotherm is large
for chloropicrin-whetlerite and,because a small variation
in ~ does not affect the result appreciably. when the value
of In Cl is iarge.C2
The slope of the straight line of
Fig. 50.is equal to Ht and, in tp~s particular instance,
• "'1",is equal to 0.25 cm. Unfortunately, the IDesh size and
flow rate were not specified so that a comp~rison between
the results" depicted by Fig. 50 and those obtained in
this thesis is impossible.
(4) Effect of Velocity of Flow on Ht
The apparent critical bed depths
at each of the test velocities (Fig. 22) are tabulated
below with the derived values of Ht calculated uJ Equa-
tion 40.
Table VIII
Variation of Ac and Ht with Velocity
Chloropicrin; 16-20 Mesh Whetlerite
Q he Cl C2 Ht
(L./min. ) (em. ) (mg ./L.) (mg./L/) (em. )
32, C.F • 0.42 10.0 .020 .0798
64, C.F • 0.51 10.0 •020 •0970
50, B. 0.62 10.0 .020 .118
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are plotted as
a function of velocity on logarithmic paper in Fig. 51.
The velocities equivalent to the volume flow rates were
determined by dividing the volumetric rate by the open
area at the effluent baffle, for the critical layer
(portion of bed corresponding to the critical bed depth)
is obviously located at the effluent end of the canister
and it is sho\VD in Table VIII that it is less than one
cm. in depth. The results of bed depth-air resistance
measurements show that the air flow follows the baffled
area for approximately one centimeter into the be~ (see
Figs. 46 and 47) after which it spreads out over the en-
tire area of the canister. Therefore, the area at the
effluent baffle is the logical one to use for correlation
of the apparent critical bed depth with velocity.
The air i'low rate equivalent to
50 L./min, braather, was obtain~q by -r~'ferel1ceto Fig. 92,
Appendix C. An estimate of the value of x, tileexponent
in "the equation re~ating Ht to velocity, is necessary,
and this approximation is checked by the conformity of the
point so plotted with the line formed by the other two
points. practically, there is very small error in the
first approximation, for the steady flow rate equivalent
to breather flow is a very shallow function of x. The
value of x, the slope of the plot of the logarithm of
Ht vs. the logarithm of velocity, is obtained from Fig. 51
to be 0.285. It is not believed that the extent of these
measurements validates the enumeration of such a precise
116
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figure; therefore, in all future applications, it ~ill
be rounded off to 0.30.
The fact that the breather data
correlated so well proves tlllithe theoretical argument
of Appendix C for adaptati,)n of the steady flow equations
to breather testing is correct.
(5) Effect of Particle Size on Critical
Bed Depth and lit
A series of tests TIas made to deter-
mine the chloropicrin bed depth-break time relationships,
for the three mesh size fractions predominant in Type AGe
impregnated whetlerite as produced for U. S. gas mask
canisters. These tests were made at 50 L./min., breather,
in the ¥ul cro1ister. The results are shown in Fig. 23.
Since it has previously been es-
tablished that the height of a transfer unit varies as
the 0.3 power of the air velocity, the apparent critical
bed depths obtained are representative of those which
would be obtained at a steady flow rate of 127 L./min.
(see Fig. 92, Appendix C).
The slopes of the bed depth-break
time plots are practically identical which is as predicted
by theoretica.l considerations. The apparent critical
bed depths differ, however, and they ana the derived Ht
values are given in Table IX.
The derived Ht va.lues are plotted
as a function of average particle diameter (average of
limits of sieve openings) in Fig. 52 on lognri tr..Iiiicp2..per•
. - - .~~,. "Of (1 C:TFIED
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The slope of the straight line relationship obtained was
measured to be 0.71. This figure is nrounded offn in this
thesis to 0.70. It indicates that, over the range inves-
tigated, Ht varies as the 0.7 power of the particledia-
meter as calculated from the average sieve openings.
Table IX
Variation ofAc and Ht with Sieve Size
. Chloropicrin Adsorption
Sieve Sizp " Ac Cl C2 Ht
(em. ) (mg./L.) (mg./L.) (em. )
""
12-16, 0.79 10.0 .020 .152
16-20 0.62 10.0 .020 .119
20-30 0.48 10.0 .020 .092
(6) 'Constancy of Ht for Several Whetler-
ites and Correlation of Ht with
Blends of Several Sieve Sizes
Several series of tests were made to
determine the chloropicrin bed depth-break time relation-
ships for blends of the predominant sieve sizes. These
tests were conducted at 50 L./min., breather, in the MIl
canister; four different whetlerites were tested. The
results of these tests are shovm in Fig. 24, and the
blends employed are shovm in Table VI.
These plots show that the variation'
in the saturation capacity for the four whetlerites tested,
as reflected by the slope of the bed depth-break time.~.
curves, is not great. This is indicative ,of a relatively
uniform activation.
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critical bed depths
and the derived values of Ht are given in Table X as
are the calculated values of tit. The calculated values
were obtained from the sieve analyis, the values of Ht
for the pure sieve fractions, and Equation 128 which is
derived in Appendix F.
Table X
Effect of Sieve Size Blends and Type 1i\1hetlerite on Ht
Chloropicrin Adsorption
Whetlerite A.c Ht Calculated lit Dev.
(em. ) .(cm.) (em. ) (%)
HC3-36l. 0.58 .111 .115 + 3.6
AD3-255 0.68 .130 .120 7.7
CC3-900 0.69 .132 .112 - 15.2
MIT 3-471$ .0.57. •109 .116 + 6.4
Root mean square of deviations + 9.3-
The best agreement between the cal-
culated and measured values of Ht was obtained 'for the
particular whetlerite with which ,the values of lit were
determined for the pure sieve fractions (HC3-36l), and
it is believed that the agreement is within the limits
of accuracy of the measurements. Although the other de-
viations are not large, they are believed to be outside
the limits of experimental accuracy and are probably
the result of the non-spherical nature of the granules
and-'the non-similarity of the shape of the particles for
the different whetlerites. That such non-similarities
in particle shape do exist is shovm by the differences
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in air resistance which will be discussed in a later
section.
c. Phosgene, Cyanogen Chloride, HYdrocyanic
Acid,. and Arsine
(1) Classification of Type of Kinetics
It is quite important that the type
of kinetics governing the removal of each of these agents
be lmown, for, a-sdiscussed in Appendix E, "Removal of
Agents by.Chemical Reaction with.lmpregnantsu, with all
types except Type III-B (1) there is no upper limit on
the straight line relationship between bed depth and',
break time, (2) the slope of this straight line relation-
ship is directly pro~ortional to No+ Nr ' (3) the apparent
critical bed depth is a true function of Ht and Hr , and
(4) the effects of the influent and break concentrations
on the apparent critical bed depth are kno~n.
The possibility that the rate of
removal of these agents is governed by Type II kinetics
(removal by chemical reaction when the rate of chemical
reaction is much greater than the rate of diffusion to
the surface of the granule) 1s immediately eliminated by
the results shovm in Fig$. 15-19, for, under identical
conditions, the apparent critical bed depths are greater
for the Type 'ASC impregnated whetlerites than for the
unimpregnated base charcoal. Therefore, the classifica-
tions possible are reduced to Types III-A and III-B
(chemical reaction rate important).
The apparent critical bed depth for
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those agents for which TYpe III-A kinetics apply is ex-
pressed by the following equation which is derived in
Appendix E:
(lIt + Hz.) (lnCl - 1)
. C2
(42) .
Obviously Cl and C2 are fixed by the
test. conditions and are knovm variables. There are two
possible methods of determing Ht : (1) by measurement of
the intercepts of the bed depth-bre.ak time curves for
an unimpregnatedwhetlerite and (2) by calculation from
the values of Ht for chloropicrin.
The values of Et for the unimpreg-
nated whetlerite as calculated from the apparent critical
bed depths of Figs. 15-19 are given in Table XI. These
values are not as accurate as desired because of the low
accuracy of the critical bed depths obtained by extrapola-
tion of the bed depth-break time curves of exceedingly
low slope.
In section III, "Previous Work", it
was shovm by the analogy of mass transfer in packed ad-
sorbent beds to mass transf.er in wetted--wall columns that
- Ht should be proportional to the diffusivity of the gas
being.transferred to the -0.56 power. The,data of Gamson,
Thodos, and Hougen and the data of Hurt show that Ht varies
as the'-0.67 power of the agent diffusivity.
, It is well kno~n that the diffusiv1ty
of a gas varies inversely as the square root of the mole-
cular weight. Therefore, the equation relating the value
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of Ht for any given agent in terms. of t~at for any other
agent, all other test conditions remaining constant, is
as follows:
(43)
At 50 L./min., breather, 16-20 sieve
fraction, the value of Ht for chloropicrin at the f~ow
rate'obta~ped in the MIl canister is obtained from Table VIII
to be 0.119 em.' The values of Ht -for the other agents
at these'same test conditions, calculated by Equation 4'3,
are shown in Table XI
Table XI
, Caleulate'd and Measured Valu8s of Ht
16~20 Sieve, MIl Canister, 50 L./min ., Breather
Calc.
Agent Cl C2 A.e Ht Ht
(mg./L.) (mg./L.) (eID.) (em. ) M.W. (em. )
CG 10.0 .008 .58 .095 99 ".100
CK 4.0 .008 .52 .100 61 .086
AC 4.0 .004 .37 .063 27 .066
SA 4.0 .014 .42 .090 78 .093
If Type III-A kinetics apply, the
total critical bed dep~1 should be represented by Equa-
tion 42, and the values of Ht+ ~ can be calculated from
the test conditions and the measured values of the'appar-
ent critical bed depths. These calculations were made
• DECLASSIFIED.'
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for the results represented by Figs. 25, 26, and 27, and
the results are given in Table XII.
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Table XII
Calculation of Ht + Hr
'CG,"CK, and ACHC3-361 Whet1erite, 16-20 Sieve .
Calculated from Apparent Critical Bed Depths
Agent Canister
- (LJmin.)
V Cl C2 Ac Ht+ I\-(cm.Imin.) (rug./L.) (mg ./L.) (crn.) (em. )
CG MIl 32 C.F. 476 10.0 .008 .64 .105
CG E2R3 32 C.F. - 660 10.0 .008 .76 .124
CG till 64 C.F. 952 10.0 .008 .97 .159
CO" E2R3 64 C.F • 1320 10.0 .008 1.08 .177
CG MIl . 50 B. 1980 10.0 .008 1.24 •202CG E2R3. 50 B. 2740 10.0 .008 1.48 .242
CK MIl 32 C.F. 476 4.0 .008 .85 .164
CK MIl 64 C.F. 952 4.0 .008 1.04 .200
CK MIl .50B. 1900 4.0 .008 1.26 .243
AC Mll 32 C.F. 476 4.0 .004 .78 .132
AC MIl 64 C.F. 952 4.0 •004 .94 . .159
AC Mll 50 B. 1900 .4.0 .004 1.10 .187
It is shown in Appendix E that Hr
varies as the first power of the linear flow rate. From
the values of Ht and Ht+ Hr at 50 L./min., breather, ~Ul
canister, the values of Hr may be obtained by difference •
..
Since lit has been shovm to vary as the 0.30 power of velo-
city and since HT has been sho~m to vary as the first
power of v~locity, the values of Ht and Hr at any other
test velocity can be calculated and the sum can be ob-
tained to compare with the experimentally determined value.
The results of these calculations are given in Table XIII.
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Table XIII,
Variation of Hb + HT with VelocityCG, K, and AC .Calculated vs. Observed Values
Calculated Calc. Obs.
Agent V lit Hr Ht+Hr Ht+Hr(cm:;min.) (em. ) (em. ) (cm.) (em. )
CG 476 .065 .024 .089 .105CG 660 .072 .034 .106 .124CG 952 .080 .049 .129 .159CG 1320 .088 .068 .166 .177CG 1980 .100 .102 (.202) .202CG 2740 .110 .141 .251 .. 242
CK 476 .057 .039 .096 .164CK 952 .070 .079 .149 .200CK 1900 .086 .157 (.243) ..243
AC 476 .044 .030 .074 .132AC 952 .054 .061 •115 .159 .
AC 1900 .066 .121 (.187) .187
These results are plotted in Figs. 53,
54, and 55; the disagreement between the calculated and
measured values of Ht+ Hr ~s apparent. Therefore, the
removal of phosgene, cyanogen chloride, and hydrocyanic
acid by Type ABC impregnated whetlerite does not fall
into Type III-A kinetics. This leaves only Type III-B
kinetics, the general classification for agents which re-
act with the impregnants.
-Another method of distinguishing
between ~/pes III-A and III-B kinetics, as discussed in
Appendix E, is the .nature of the plot of the logarithm
of the concentration ratio vs. the apparent critical bed
depth. For all types of kinetics, except Type III-B,
a straight line relationship is obtained with a positive
intercept on the concentration ratio axis between zero
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and unity. For Type III-B kinetics, an apparent straight
line relationship is also obtained, but. the .intercept on
the concentration ratio axis is negative. To further sub-
stantiate the belief that these agents are removed in
accordance with Type III-B kinetics, a series of tests
was made in which the cyanogen chloride effluent concen-
tration was measured as a function of time for several
adsorbent bed depths. The results of these tests are
plotted in Fig. 28.
These data are replotted in Fig. 56
as bed depth vs. break time for several values of the
break concentration. It is apparent that the slope of
the bed depth-break time plot increases as the break con-
centration approaches the test concentration. This is
indicative of Type III-B kinetics, for, in "all other
types, the slope 1s constant for values of the effluent
concentration as high as one-tenth of the influent con-
centration.
The apparent cr;tical bed depths
of Fig. 56 are plotted in Fig. 57 as a function. of the
natural logarithm of the concentration ratio. A straight
line correlation is obtained which intersects the con-
centration ratio axis at -5.0.
Yost (44) conducted similar tests
for the removal of arsine by Type ABC impregnated whet-
lerit~~ Effluent concentrations were measured by the
radio-active tracer technique. His data are replotted in
Fig. 58 as effluent concentration as a function of time.
DECLASSIFIED
o 0CO t--
r;..~-(--,T r,. ~: ;~;IFIE D .
132

134
These data are replotted in ~ig. 59 as break time vs.
bed depth for several values of the break concentration.
It is again apparent that the slope of the.~ed depth-
break time curves increases as the break concentration
approaches th~ test concentration. The apparent critical
bed depths of Fig. 59 are replotted in Fig. 60 as a func-
tion of the logarithm of the concentration ratio. A straight
line relationahip is obtained intersecting the concentration
ratio axis at-2.5. This Lldicates that the removal of
arsine by Type ASC impregnated whetlerite is also governed
by Type III-B kinetics.
The conclusion from these tests is
that the rate of removal of phosgene, cyanogen chloride,
hydrocyanic acid, and arsine is controlled tv Type III-B
kinetics. Since thi's,is the case, the simplified equation
which was derived for.all other types of kinetics is not
strictly applicable. However, it ,has been shown that
the .apparent critical bed depth for Type III-B kinetics
is direotly proportional to the logarithm of the con-
centration ratio and can be represented by the following
equation:
(44)
Since this equation is very similar..to that for the other types of kinet1cs, the constant, k,
is designated as H and termed the "appareIl;theight of an
overall transfer unit". Since the exact calculations in
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Appendix E show
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the arsine tests.gave an experimental value of -2.5, a
very good agreement, the more exact value of -3 will be
used hereafter in this thesis. The cyanogen chloride
results, which gave a value of -5 for ;1 are not highly
accurate, for the effluent concentrations were measured
by'"the bll:bblermethod and w'ere.int~nded to give only
qualitative results to distinguish between Types III~A
and III-B kinetics. Therefore, in this thesis the fol-
lowing equation will be used to relate the apparent cri-
Itical bed depth to H and the concentration. ratio:
\ Cl
I\c = H(ln. C2 + 3) (45)
(2) Effect of Ve~ocity on Slope of Bed
Depth-Break Time Curves for OG, CK,
and AC
Tests were conducted to determine
the effect of velocity on the bed depth-break time curves
for CG, CK, and AC. These data Viere obtained with 16-20
sieve fraction Type ABC impregnated whetlerite in the liUl
canister at 50 L./min., breather. The results are sho~n
in Figs. 25, 26, and 27.' Since the removal of these agents
is governed bJ Type III-B kinetics, there is no Imovm the-
oretical relationship between the saturation capacity, cross-
sectional' area, flow rate, and the slope of ,the bed depth-
break time curve; and there is no guarantee that a substan-
tially straight line relationship will result.
The experimental data show, however,
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that a substantially straight line relationship is ob-
tained except for lives of less than 15 minutes. The
slopes of these curves were analyzed. by the same manner
as for Type .I. kinetics, and an experimental constant, N,
analogous to No or Nr, was determined. The computed
values of N for the several conditions of test are shoVvn
in Table XIV •.
Table XIV
Determination of N for CG, CK, and AC
Whetlerite: HC3-361, 16-20 Mesh
Agent Q Canister A Cl S N
~ (sq.em.) ~ min. ~min. L. cm. mI.
CG 32C.F. Ml1 87.0 10.0 29.5 109
CG 32 C.F. E2R3 65.5 10.0 21.2 104CG 64 C.F. MlI 87.0 10.0 16.8 124CG 64. C.F. E2R3 65.5 10.0 11.2 110
CG 50 B. MIl 87.0 10.0 19.5 112
CG 50 B. E2R3 65.5 10.0 13.0 100
Average 110
CK 32 C.F. 1JU1 87.0 4.0 33.7 48.1
CK 64 C.F. ~U1 87.0 4.0 16.1 47.3
CK 50 B. MIl 87.0 4.0 .20.7 47.6
Avera.ge .47.7
AC 32 C.F. MIl 87.0 4.0 28.0 41.2
AC 64 C.F. MIl 87.0 4.0 13.3 39.2
AC 50 B. Ml1 87.0 4.0 17.0 39.1
Average 39.8
These. data show that N is a const~nt
over the range of variables investigated and may be used
in a manner analogous to No for reversible, physical ad-
sorption (Type I kinetics).
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(3) Effect of Velocity on Apparent Cri-
tical Bed Depth and H for CG, CK, and AC
The apparent critical bed depths for
t' :-.~-.:~SSIFIED.
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the several agents and test velocities, as determined
from Figs •.25, 26, and 27, were listed previously in
Table XIII. The derived values of H (obtained by appli-
cation of Equation 45) are listed in Table XV.
Table 'XV
Variation of H with Velocity and Agent
Whetlerite: HC3-361, 16-20 Mesh
Agent V "-c Cl C2 H
(cm./min. ) ( CD). ) (mg ./L.) (mg./L.) (em: )
CG 476 .64 10.0 .008 .063
.CG 660 .76 10.0 .008 .075
CG 952 .97 10.0 .008 .096
CG 1320 1.08 10.0 .008 .109
CG 1980 1.24 10.0 .008 .123
CG 2740 1.48 10.0 .008 .146
CK 476 .85 4.00 .008 .092
CK 952 1.04 4.00 .008 .113
CK 1900 1.26 4.00 .008 .137
AC 476 .78 4.00 .004 .079
AC 952 .94 4.00 .004 .095
AC 1900 1.10 4.00 .004 .111
These values of H are plotted as a
function;of velocity in Fig. 61, and it is apparent that
a linear relationship .is obtained on logarithmic paper.
The slopes of these str~ight lines were me2sured, and it
was established that H varies as a power of the linear
air velocity. These 'powers are listed in Table XVI.
TIns correlation for agents knovm
to fall into Type III-B kinetics classification is strikingly
analogous to the correlation obtained for T",fpe I kinetics
as exemplified by the chloropicrin data.
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Variation of H with Linear Air Velocity
(H = klVX)
Agent
CG
CK
AC
x
0.48
0.32
0.26
(4) Variation of Apparent Critical Bed
Depth and H with Sieve Fraction
Tests were conducted to determine
the .effect of sieve size on the bed depth-break time re-
lationships for C~, CK, AC, and SA. The results of these
tests are shown in Figs~ 29, 30, 31, 32, and 33.
The data show that for 12-16 and
16-20 sieve fractions the slopes of the bed depth-break
time curves are identical. For the finer sieve sizes,
(20-30 and 30-40), there is a decided tendency for the
slope to decrease with tbe HC3-36l impregnated whetlerite.
In conference with personnel inter-
ested in whetleri te production and impregnation, it V:ElS
learned that copsiderable difficulty had been experienced
in the early stages of production of Type ASC impregnated
whetlerite in obtaining uniform activation and impregna-
tion 9f the finer sieve fractions. Since the HC3-36l
whetlerite was an ear~y production lot, a repeat series
of tests was made with CC3-900 ~Jpe ABC impregnated whet-
lerite which was a later production lot. The results of
these tests are shown in Fig. 30; there is'no tendency
for the slope of .the bed depth-break time curve to de-
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crease with decreasing particle diameter. Therefore, it
is conclUded that N is a constant for all sieve sizes for
those agents the removal of which is governed by Type III-B
kinetics with currently produced Type ASC impregna.teo.v.rhet-
lerite.
The values of the apparent critical
bed de~th~ for the standars sieve fractions and the de-
rived Hand kl (H = klVX) values are listed in the following
table:
Table XVII
Variation of H and k~ with Sieve Size and Agent
MIl Canister, 0 L./min., Breather
Sieve
A.cWhetlerite Agent Size Cl Cr) H kl~
(cm. ) (rug ./L.) (rug ./L.) (cm. )
HC3...361 CG 1~-16"1.86 10.0 .008 .184 .00483
:cC3....900 CG 12-16 '1.94--10.0 .008 .192 .00504
HC3-36l CG l6-201'~'28 10.0 .008 .127 .00333
CC3-900 CG 16-20 1.31 10.0 .008 .130 .00341
HCS-36l CG 20-30 0.87 10.0 .008 .086 .00226
CC3....900 CG 20....30 0.88 10.0 .008 .087 .00228
HC3-361 CG 30-40 0.54 ,10.0 .008 .053 .00139
CC3-900 CG 30-40 0.55 10.0 .008 .054 .00142
HC3-361 CK 12-16 1.77 4.00 .008 .192 .0171
HC3-361 CK 16-20 1~26 4.00 .008 .137 .0122
HC3-361 CK 20-30 0.90 4.00 .008 ' .098 .0088
HC3-361 AC 12-16 1.43 4.00 .004 .145 .0204
HC3-361 AC 16-20 1.10 4.00 .004 .111 .0156
HC3-361 AC 20-30 0.83 4.00 .004 .084 .0118
*HC3-361 SA 12-16 1.72 4.00 .014 .19~ , .0207
HC3-36l SA 16....201.29 4.00 .014 .149 .0155
HC3-361 SA 20-30 0.94 4.00 .014 .108 .0112
*Calculated on assumption that x is equal to 0.30 for SA.
These values of H are plotted in
- -~- ....-'" ~IFIED'
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Fig. 62 as a function of the average particle diameter.
It is apparent that a straight line correlation on log-
arithmic paper is obtained and that H varies as some
power of the particle diameter for all four agents. The
power for each agent is tabulated below:
Table :x.'lIII
Variation of H with Particle Diameter(H ~ k D Y)p
Agent
CG
CK
AC
SA
y
1.25
1.00
0.80
0.90
This correlation is again entirely
analogous to the correlation for Type I kinetics.
(5) Correlation of H with Sieve Analysis-
Independency of H on Adsorbent
Several series of tests were made
to determine the relationships between the sieve analysis
and the values o~ ~.for those agents the removal of which
is governed by Type III-B kinetics. These tests were all
made in the lUl canister at 50L~/min., breather, and the
results are shown in Figs. 34, 35, 36, 37, and 38.
The sieve analyses for the series
are sho~n on Fig. 34 and in Table VI. Since such excellent
analogy has been obtained heretofore between the charac-
teristics of Type III-B kinetics and those. of Type I kinetics,
..,--thesame equation as derived in Appendix F (Equation 128)
for predicting Ht for blends of several sieve sizes for
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Type I kinetics was tested to determine its applicability
in det~rmining H for Type III-B kinetics.
The comparison of the values of H as
calculated by this equation and as determined from the
apparent critical bed depths is sho~m in Table XIX
Table XIX
Dev.
(%)
HC3 ...361
HCB-361
HC3-361
".CC3-900
AD3-255 .
MIT3-4713
CG
CG
CG
CG
CG
CG
Effect of Sieve Analysis on H, Calculated vs. lIeasured
MIl C~ister, 50 L.7min., Breather
Sieve Observed Calc.
Agent Vllietlerite Analysis Ac' H H
(cm•) (cm •) (cm •)
B, Fig. 34 1.13 .112 .115 {\\ 3
_. C, Fig.34 1.23 .121 .116 4
Table VI 1.26 .124 ~119 4
Table VI 1.11 .110 .114 + 4
Table VI 1.22 .120 .128 + 7
Table VI l.14 .113 .121 + 7
Root Mean Square Deviation t 5
Root Mean Square Deviat:i.f)n
Table VI 0.94 .095 .107Table VI 0.97 .098 .112
Table VI 0.94 .095 .103
Root Mean Square Deviation
CK
CK
CK
AC
AC
AC
HC3-361
AD3-255
CC5-~00
HC3-:;;elAD3-255
CC3-900
.Table VITablo VI
Table VI
1.24
1'.32
1.30
.135
.143
.141
.131
.128
.126
,..
()
- 10
- 11
:t 9
+ 13
+ 14
+ 8
:!: 12
SA
SA
SA
HC32.361
AD3-255
MIT3-4?13
Table VI 1.28 .148 .143 3
Table VI 1.33 .154 .150 3
Table VI 1.33 .154 .144 .. ~ 7
-, Root Mean Square Deviation .:!: 5
These results show that the errors
involved in the computation of'H from the sieve analysis
are small and that,. therefore, Equation 128 is equally
applicable for Type III-B kinetics and TYpe I kinetics.
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d. Cumulative
(1) Type I KineticR, Chloropicrin
All of the previously discussed
tests were conoerned with the time required for the ef-
fluent concentration to reach a specified value (concen-
tration break). The majority of the tests were conducted
in this manner because the data a~e more easily analyzed.
However, one series of tests, shown in Fig. 39, was made
to determine the validity of the cumulative break equation
which is derived in Appendix B. The concentration break
points are also shown plotted for comparison.
Fig. 39 shows that the slopes of
the concentration and the cumulative break curves are
identical as predicted by Equations 1 and 6. The inter-
cept of the cumulativ~ break curve on the bed depth axis
is derived in Appendix B to be given by the following
equation:
(46)
For these particular test conditions,
(12-16 sieve whetlerite, Mll canister, 50 L./min., breather),
th~ value of Et is obtained from Table IX to be 0.152 cm.
The value of No is shown in Table VII to be 176 mg./ml.
The calculated value of the apparent critical bed depth
for the cumulative penetration of 6 mg. of chloropicrin is
calculated qy Equation 46 to be 0.75 cm. This is in exact
agreement with the measured value and proves the validity
of the cumulative break equations derived in Appendix B.
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(2) Type III-B Kinetics, Arsine
The standard test procedure employed
with arsine, a cumulative poison, is to measure the elapsed
time to the instant that 8.5 mg. of arsine has penetrated
the adsorbent bed. Since all other equations, derived
for Type I kinetics have applied with slight modifications'
to Type III-B kinetics, Equation 46 of Appendix B was
applied to the cumulative penetration of arsine. Equation 46,
when modified in the same manner as Equation 6, takes the
following form:
Ac = H(ln N~ + 3) (47)
This equation was tested for its
applicability to arsine cumulative break relationships
by the series of tests shown in Fig. 40. This figure
shows the cumulative break and the concentration break
bed depth-break time curves for 16-20 sieve whetlerite
in the Mll canister at 50 L./min., breather. The slopes
of the two curves are identical as predicted by the the-
oretical consideritions for Type + kinetics.
For these particular test conditions,
the value of H is obtained from Table XVII to be 0.149 cm.
The value of N, as determined from the slope of the bed
depth-b+-eak time curves, is 113 mg./ml. The calculated
value of the apparent critical bed depth for a cumulative
penetration of 8.5 mg. of arsine is 1.21 cm. This is in
excellent agreement with the measured value of 1.18 cm.
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It is concluded that Equation 6
is equally applicable for Type IIl-B kinetics and Type I
kinetics.
e. Effect of Adsorbed Moisture on Bed Depth-
Break Time Relationships
Although it is not the purpose of this
thesis to analyze and develop equations for the perfor-
mance of adsorbent beds of high water content, several
tests were made to obtain a qualitative knowledge of the
effects of adsorbed water. The results of these tests
are shown in Figs. 41, 42,,43, and 44.
These tests were conducted at 50 L./min.,
breather, in the MIl canister with whetlerites which had
been equilibrated with respect to an air stream at 80 per
~ent relative humidity. Under these conditions, the ad-
# sorbent is practically 'saturated with adsorbed water
(see Fig. 49). The equilibrium water content varies
with different adsorbents but is approximately 40 per cent
of the dry weight of the whetlerite.
This adsorbed water should not affect the
l~t~l'itequations for the evaluation of the true bed
depth for reversible adsorption except to the extent
that counter-diffusion adds additional impedence. The
p'artial pressures of the diffusing gases are so small,
however, that this iS,not a sizeable factor.
The surface available for adsorption, and
therefore the adsorption capacity, is tremendously re-
duced. Therefore, the initial slope of the bed depth-
bre~{ time curve for those agents which are insoluble and
148
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which are physic~lly adsorbed should be much less with
wet than with dry adsorbent. If the agent being ad-
sorbed is very strongly adsorbed, it will slowly dis-
place the more lightly adsorbed water by a process of
selective adsorption.
There is always a heat of adsorption in-
volved in the removal of any agent from an air stream.
This will tend to raise the temperature of the air stream
and consequently -reduce-the per cent relative humidity.
This will, in"turn, result in a partial pressure gradient
tending to produce vaporization of water from the whet-
lerite.
The overall effect, in a qualitative sense,
is for.vaporization of the adsorbed water to occur with
.a resui~ant increase in the adsorption capacity for the
agent • This would refl~ct in the bed depth-break time
. . .-
curve by a gradual increase in slope as the bed depth is
increased.
The results of Fig. 41 show that this
actually occurs for the adsorption of chloropicrin, a
relatively water-insoluble compound.
The effect of adsorbed water on the rate
of removal of those agents which react chemically with
the impregnants would depend upon the accessibility of
the impregnant to the diffusing agent. If the agent is
water-insoluble, it would be blocked from reaching the
impregnantj and a bed depth-break time relationship of
the same type as discussed above for reversible, physical
DECL}-\SSIFIED
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ads~rption would be obtained. If, however, the agent is
. :..
,'water-soluble, it can reach the impregnant by diffusion
through the adsorbed water barrier. This barrier should
offer little resistance to transfer because of the ex-
treme "thinness" (several molecular layers) so that, e;x=-
cept for complications caused by reaction with the ad-
sorbed water, the bed depth-break time curves should be
~
identical for the wet and dry adsorbent.
The data represented py Figs. 42, 43, and
44 show the bed depth-break time curves for phosgene,
hydrocyanic acid, and cyanogen chloride with wet ,adsor-
bent. It is apparent that the wet and dry plots are ,al-
most identical with phosgene 'and hydrocyanic acid but are
vastly different, and resemble chloropicrin bed depth-
,.
break time curves, for cyanogen chloride. Phosgene is
decomposed to hydrochloric acid and carbon dioxide by
water and the soluble acid can rea~t with the. impregnant;
hydrocyanic acid is soluble in water .in all proportions;
cyanogen chloride is only slightly soluble in water.
T~ese data substantiate the above arguments.
The slight increase in the slopes of the
bed depth-break t~me curves with wet whetlerite for phos-
gen~ and hydrocyanic acid are probably caused by chemical
reaction with or physical solution in the adsorbed water.
f. Air Resistance
(1) General
Air resistances were measured for a
large n~ber of the adsorbent beds tested to determine the
DECLASSIFIED
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effect of bed depth, sieve size, and flow rate. The
h results 'of these tests are shown in Figs. 45, 46, and 47
and in Tables IV and V •.
(2) Effect of Sieve Size on Air Resistance
The results of tests.'to determine the
effect of sieve size on the air resistance of adsorbents
are shown in Fig. 45. These tests were conducted with
HC3-361 Type ASC impregnated whetlerite in the MIl canis-
ter at a flow rate of 85 L./min. It is apparent that,
.for bed depths above two em., a linear relationship is
obtained, but that, below this bed depth, the slope of
the curve increases.
It is to be recalled that the MIl
canister has a gro~s diameter of 4.14 in., but the area
is restricted at the influent and effluent ends cry a
O.25-1nch baffle; this reduces the effective diam~ter
at these points to 3.64 in. The conclusion drawn from
Fig. 45 is that the air flow follows the area of the baffles
for a distance into the bed and gradually spreads out
over the gross area. It must then contract again before
I.
it leaves at the~effluent end of the canister. Since
the straight line relationship starts after the bed depth
exceeds ,two em., it is assumed that the effects of the
baffles extend that distance into the adsorbent bed (one
cm. f~om the influent end and one pm. from the,effluent
end).
To verify this assumption, a more
exact series of measurements was made to determine the \
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relative and
of the upper portion (above two cm. bed depth). If the
above premise is correct, .the.slope of the initial portion
of the curve should be direc~ly proportional to the product
.of the ratio of the area at the baffles to the gross area
and to the slope of that portion of the curve for bed
depths in excess of two cm.
are shown in Figs. 46 and 47.
The initial slope of the curve shovm
in Fig. 46 (Ml1 canister) was measured to be 11.4, and the
slope of the portion of the curve above two cm. bed depth
was measure to be 8.5. This is in excellent agreement
with the ratio of the gross area to the area at the baffles
2 . 2
(4.19 /3.69).
The initial slope of the~curve sho\vn
in Fig. 47 (E2R3 canister) was measured to be 14.1; the
slope of the portion of the curve above two cm. bed depth
was measured to be 11.2. This, likewise, is in excellent
agreement with the ratio of the gross area to the area at
the baffles (3.6252/3.1252) •
. Therefore, it is concluded that the
effects of the baffles effectively penetrate. one cm. in-.
to the adsorbent bed and .precede the effluent end of the
b.ed by one cm. These assumptions result in the folloVling
general equation for the air resistance of an axial flow
canister (streamline flow):
f2.00 A. - ~.OOJ~p = k2Q ~ + :J
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The constant, k2, is a func~ion of
the sieve fraction. The values of this constant were de-
termined from the data of Fig. 45 and are listed in
Table XX.
Table XX
Effect of Sieve Fraction on k2
Whetlerite: HC3-361
Sieve Fraction
12-16
16-20
20-30
30-40
k2
5.15
8.25
13.4 .
21.8
(3) Effect of Specific ~~etlerite on k2
The above tests were made with one
specific whetlerite. 'The principal manufacturers of ac-
tivate~ whetlerites during this war were (1) the Pitts-'
burgh Coke and Chemical Cq.•at Neville Island, Pa.
and at Carnegie, Pa., (2) the BarneQr-Cheney Engineering
Co. at Columbus, Ohio, and (3) the Crown-Zellerbach Corp.
at Seattle, Washington. Each of these manUfacturers used
s~ightly different raw materials and, therefore, the
particle shape might be 'differ~nt from each plant.
There' were available at the Chemical
Warfar~ Service Development Laboratory, M.I.T., 30 samples
of each of the whetlerites produced in quantity, each
sample taken from a day's production. These samples were
blended to yield a composite sample which should be re-
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presentative of each of the products. These samples were
tested to determine the air resistance of the pure sieve
fractions in the Mll canister at 85 L./min. with a con-
stant adsorbent volume of 250 mI. The results of these
tests are shovm in Table IV.
The values of k~ were calculated
from the measured resistances and are shovm in Table XXI.
In this table (and th~oughout this thesis), the first
letter of the whetlerite designation is code for the
manufacturer who produced the activated whetlerite:
A or B indicates the Pittsburgh Coke and Chemical Co.;
H indicates the Barnebey-Cheney Engineering Co.; and
C indicates the Crown-Zellerbach Corp. The second letter
indicates the impregnation plant, and the numerals which
follow deal with the type of impregnated whetlerite and
wi th the production lot number.-
Table XXI
Variation of k2 with WhetleriteComposite Samples
Compos~te Sieve Fraction
Whetlerite 12-16 16-20 20-30
HH 5.46 7.76 13.0
AD 6.18 8.'18' 13.3
CC 7.18 9.13 14.4
These data show that there is con-
, '-----siderab1e variation among the several whetlerites-the
variation being the greatest for the courser sieve fractions.
- (' i ;'cSlFIED
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Several specific production samples
of these and other whetlerites were tested to determine
if the individual lots followed the trends of the com-
posite samples. The results of these tests are shown in
Table V. The values of k2 were calculated from the
measured ~esistances and are shown in Table XXII.
Table XXII
Variation of ~ with Whet1erite
Individual Samples .
Sieve Fr.action
Whetlerite 12-16 16-20 20-30
"
AD3-l76a 5.61 8.09 12.3
BD3-1750 5.96 7.99 12.8
003-465 5.52 7.88 12.1
CC3-1088 5.96 8.76 13.7
CC3-900 5.68 7.99 13.6
These data show that, although exact
agr~ement between the resistance of the specific examples
and.the resistance of the composite samples is not ob-
tained, the trends remain the same. In order of increasing
resistance they may be lis,ted as follows: (1) H, (2)A, and
(3) C as.exemplified by HH, AD, and CC. Charcoal activated
by the Carnegie, Pa. plant of the Pittsburgh Coke and
Chemical Co. (designation-B) shows about the'same resis-
'~ance as ,that manufactured at the Neville, Pa. plant (de-
signation-A).
As an approximating relationship,
the values of ~ as a function of the sieve fraction
listed in Table XXI are standardized.,for H whetlerite.
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Resistances calculated using these values of k2 must
be multiplied by a correction factor for other whet-
lerites. These factors and the standard values of k2
are shown in Table XXIII
Table XXIII
Values of k2 for H Whetleriteand Correction Factors for Other Whetlerites
Activation
k2 for
Sieve Fraction Correction
Designation 12-16 16-20 20-30 30-40 Factor
H 5.46 7.76 13.0 21.7 1.00
A " " n " '1.07
B n " n It 1.07
C It It " " '1.15
.The maximum deviation between the
resistances calculated from these values of k2 and cor-
rection factors and the measured values shown in Table~ XX,
XXI, and XXII is 13 per cent. Therefore, these values of
k2 and the correction factor are sufficiently accurate for
air resistance calculations which n~ed not be precise.
(4) Effect of Sieve Fraction Blends on k2
Several tests were made to determine
the air resistance of blends of the pure sieve fractions.
The results of these tests are shown i~ Table XXIV. It
was found that, to calculate the air resistance from the
sieve analysis, the values of k2 for the pure sieve frac-
tions, and the correction factors, a method of weighted
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are 1.0, 1.2, 1.6, and 2.4 for 12-16, 16-20, 20-30,
and 30-40 sieve fractions, respectively.
The values of k2 , calculated from
the values of k2 for the pure sieve fractions (Table x}~III)
and the weighted average, are shoVvnin Table XXIV in
comparison with the experimental values.
Table XXIV
Calculated and Observed Values of k2Sieve.Fraction Blends
Sieve Analysis k2 Dev.
Whetlerite 12-16 16-20 20-30 30-40 Obs. Calc. (%)
HH comp. 23.2 44.6 29.2 3.0 10.5 10.0 5
.AD comp.' ,23.2 50.9 23.0 2.9 10.3 11.2 + 9CC comp. 16.9 50.6 29.2 3.3 12.0 11.7 3
AD3-1760 20.0 50.0 30.0 9.44 10.0 + 6
BD3-l750 20.0 50.0 30.0 10.1 10.0 1
HH3-465 20.0 50.0 30.0 9.35 9.35 0
CC3-l088 20.0 50.0 30.0 10.8 10.7 1
AD3-1760 19.8 47.9 28.6 4.7 10.4 11.1 + 7
BD3-1760 19.8 47.9 28.6 4.7 11.2 11.1 1
HH3-465 19.8 47.9 28,.6; 4.7 10.4 10.4 0
CC3-l088 19.8 47.9 28.6 4.-7 11.8 11.9 + 1
CC3-900 30.0 60.0 10.0 8.27 .8.67 + 5CC3-900 30.0 40.0 30.0 9.79 10.6 + 8
CC3-900 30.0 70.0 12.0 13.2 + 10
Root Mean Square Deviation + 5-
The maxim~ deviation is seen to be
ten per cent and the average deviation is five per cent.
This ag~eement between the calculated and observed values
of k2 for sieve fraction blends is as accurate as the
agreement between the values of k2 for the pure sieve
fractions, and it establishes the validity of the weighting
'. ,-'T ~\.SSIFIED.
L--......... 1.1.
schedule.
DECLASSIFIED 158
e. Effect of Velocity on Air Resistance
Several series of tests were made to de- I
termine the effect of air velocity on the air resistance
of pure sieve fractions in theMll canister. The results
of these tests are shown in Fig. 48 and indicate that,
for velocities below 500 cm./min., streamline flow is
obtained. Above this velocity, there is a tendency for
the air resistance to increase at a rate proportionately
greater than the rate at which the velocity increases.
This is indicative of a transition stage between stream-
line and turbulent flow. Since the deviation frOID str~am-
line flow is not great, the equations for streamline flow
have been used throughout in this thesis, bearing in mind
that they can not be expected to apply at velocities much
in excess of 2000 cm./min.
g. Summarized Results-Axial Flow Beds
(1) Break Time to a Specified Effluent
Concentration
It has been shovm in this thesis
that the following equation, derived in Appendix A, is'
applicable for Type I kinetics as exemplified by the
adsorption of chloropicrin:
t (1)
.It has also been shown that, over
the range of.variables investigated, a similar equation
DECLASSIFIED
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applies for Type III-B kinetics as exemplified by the
removal 'of phosgene, cyanogen chloride, hydrocyanic acid,
and arsine by Type ABC impregnated whetlerite:
t H(ln ~ + 32) (49)
No .and N are. functions of the nature
of the adsorbent and may vary over wide limits depending..
upon the activation and impregnation. The only other
variable'which is not defined by the test procedure is
the value of lIt .(or H) •. These functions have been shoVvn
to be dependent on the superficial air velocity, the
average pa~ticle diameter, and the agent.
The variation of Ht (and H) with
particle diameter and air velocity for the five standard
Chemical Warfare Service non-persistent agents has been
established, and the validity of the-equation derived in
Appendix F for the determination of Ht for sieve fraction
blends was shown~
These data may be summarized by the
following equation:
(50)
The values of x were established. ~
previously and are tabUlated again in Table XXV.' I :.
The values of kl are a function of
the sieve fraction and are directly calculable from the
values of Ht (or H) at a particular velocity. The values
DECLASSIFIED 1 60
of kl for a mixture of several sieve fractions may be
calculated in a manner analogous to the calculation of
Ht (or'H) for a blend. Since all commercially produced
.Type ASC impregnated whetlerites consist essentially of a
blend of 12-16, 16-20, and 20-30 sieve fractions with
small amounts of DO-40 sieve fraction (0-2.5 per cent),
graphs were prepared showing the values of kl for any
mixture of these sieve sizes. The data. represented by
by these graphs '(Figs. 63, 64,65,66, and 67) were cal-
culated from the values of Ht (or H) for the pure sieve
fractions obtained from Figs. 52 and 62.
Replacing Ht in Equation 1 by its
xequal, klV , the following equations are obtained for
Type I and Type ,III-B kinetics:
Type. I:
= N A ~ _ k
l
f100~ o)X Cl ~TYpe II~-~: t CIQ L: ~ (In C2 + ~
Table XXV
Effect of Velocity on Ht and H
Ht (or H) = kl~
Agent x
PS 0.30
CG 0.48
CK 0.32
AC 0.26
SA assumed 0.30
DECLASSIFIED
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The effects of the baffles in the
canister and of breather t~sting on the critical bed
depths are taken into consideration by the following
modifications of these equations, discussed previously:
Type I:
Type III-B:
N At - 0- ClQ
NA
t = ClQ
E-kl ~lOO~bQer(In ~~ - ~
r- kl ~OO~bQe)\ln ~~ + ~
(53)
(54)
(2) Cumulative Break Time
It has been sho\v.nin this thesis
that the following equation, derived in Appendix B~ is
applicable for Type I kinetics, as exemplified by chloro-
picrin:
(6)
It has also been shovm that, over
the range of variables investigated, a similar equation
applies for Type III-B kinetics as exemplified by CG, CK,
AC, and SA. The equation is as follows:
t = ~I ~ ~ - H. (In N : A + ~ (55)
Replacing Hand Ht by klr- and in-
cluding the effects of baffles and breathe-r te~st condl tions
results in the following modifications of these equations,
DE CLJ\.SSIFIED
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previously discussed:
t = NoAt- o r ~ -~Type I: . k1 o~~ Qe (In Nok /b Ab (56)ClQ
~(3) Air Resistance
The air resistance of an adsorbent
bed is determined Q1 bed depth, air .velocity, particle
diameter, and the baffles. Minor variations are caused
by differences in particle shape. It has been shown that,
in the streamline region, the following general equation
is applicable for axial flow adsorbent beds:
, G.oo
boP = ~ Q L~ + (48)
The only term in this equation which
is not defined by the test conditions is k2• This term
has been shown previously to be a function of the sieve
fraction, and it has been shown that it can be calculated
for blends of several sieve fractions. These calculations
have been made for all blends of 12-16, 16-20, and 20-30
sieve fractions and for mixtures of these sieve fractions
containing up to five per cent of 30-40 sieve fraction.
The results of these calculations are shown in Fig. 68
which is a plot of k2 for H whetlerite as a function of
n:::C"s]1.SSIFIED
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the sieve analysis. The correction factors (for par-
ticle shape) -for other whetlerites are shown in Table XXIII.
2. Radial Flow Adsorbent Beds
The applicable equations for reversible, phy-
sical adsorption are derived in Appendix D. These equa-
tions are as follows:
I
~ I (1000 Q'~ G;lx+l
Dc · - ~+ + 2(x+l)k1 tt L)1n ~ (4)
t =
No modification of these equations is necessary
for adaptation t.o Type III-B kinetics if it is recalled
that the value of I be~omes -3 instead of +1. Substituting
the values of ~ for ,Type I and for Type III-B kinetics
into Equation 5, the following equations are obtained:
Type I: t =
Type III-B:t =
(57)
(58)
If a portion of the inner tube length, L, is
baffled, any term involving the determination of the rate
of transfer must be concerned with the free length at the
baffles. This. is analogous ~9 the use of the "open area
at the baffles in axial flow canisters for the determina-
tion of the critical bed depth. Thus, in the above equa-
DECLl\.SSlFIED.
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tions, any term involving L to the xth power actually
involves the free length at the baffle, Lb-
For breather test conditions, the air flow rate
for those portions of the equations pertaining to the
effects of velocity on the rate of transfer must be re-
placed by the.steady flow rate equivalent to breather
flow_
Modifications of the above equations to allow
for these two considerations results in the following
equations:
I
D = G;~+l + 2 (x+l)k (lOOOQe)X1n C!\X+l (59)
c ~- . l~ ~ Lb c~
Type III-B:t =
Type I: t = n L No
~
D2 + 4 D k (lOOOQe)J4 Q Cl c . c 1 n DcLb
n L No @ 2 D k &OOOQeJJ4 Q Cl D2 D - 12c c 1 n DcLb
(60)
(61)
For those particular tests wherein cumulative
penetration break times are, determined, Equation 59 must~
be modified in the following manner which is-analogous to
the mod.ification of the equations for axial flow beds: .
~: LlOOOQe)X NAbk OOOQeiX~l
Dc = t~+l+ 2 (x+l)kl \n Lb 1n F A j
In this equation, ~ ~ust be taken at the average
values at Dc and at Di- Therefore, the solution of ~qua-
tion 62 involves the method" of successive approximations.
(62)
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During the course of investigations at the
Chemical Warfare Service Development Laboratory, M.I.T.,
tests were conducted to determine the relative perfor-
mance of the standard U.S.Army gas mask canisters. The
canisters which were tested were: MlOAl, MlO, Ml Training,
and the Mll, combat •. All of these canisters except the
MIl are of the radial. flow design. These results were
reported in Weeklr Progress Report, Project Dl.l-lbll
(Service Canisters) for the week ending Feb. 19, 1944.
The results of these tests are shovm in Table XXVI.
The sieve analyses of the whet1erites employed
for these tests are shown in Table XXVII.
Table XXVII
Sieve Analyses of Whetlerites
Test Results: Table XXVI
Sieve Analysis
Whetlerite 12-16 16-20 20-30 30-40
HH2- 28.0 44.0 27.0 1.0
HC3-361 31.1 40.0 25.7 3.0
AD3-255 37.4 40.6 20.7 1.2
The dimensions of the radial flow canisters
are shown in Table XXVIII •
.The validity of the radial flow equations can
be determined by testing .the equations with these data.
This was done. by determing kl from the sieve analysis
and No (or -N) from .the gas life of any one of the canis-
~ of the other canistersterse The gas life of any can
DECLASSIFIED
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then be computed by application of Equations 53, 54, 56,
57, 59,.60, 61',and 62.
Table XXVIII.
Dimensions of Radial Flow. Canisters
All Dimensions in em.
Canister
Dimension Ml Training M10 MlOAl
Diameter, Inner Tube 3.17 3.17 3.17
Diameter'. outer Tube 6.35 6.35 6.79
Total Tube Length 8.89 11.42 11.42
Open Tube Length at Baffle 7.62 10.15 10.15
No (or N) was calculated ~om the MlOAl life
(for all cases except the SA results) because the longest
lives were obtained with this canister and the constant
errors are minimized. The Mll canister life was used to
determine N for SA because this eliminated the necessity
of a double. trial and error calculation which would be
~equ1red were' the MlOAl life to be used (SA lives were
measured to a cumulative break).
The results of these ~omputations are shown ~n
comparison with the observed lives in Table XXVI. The
agreement is seen to be very good indicating the validity
of the radial .flow equations, breather flow adaptation
to radial flow equations, and cumulative penetration
adaptation to the radial flow equations. The detailed
calculation procedure is described in Appendix I.
DECLASSIFIED.
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B. Practical Canister Design
A gas mask'canister is composed of two fundamental
parts: the smoke.or particulate filter and the gas fil-
ter. Neither section of the canister can be designed
without consideration of the other.
The two basic designs have been described previously
as the radial and axial flow types. The axial flow canister,
for canisters of :easonable diameter, ,is a high velocity
canister as compared to a radial flow type, for the latter
type can be made longer to reduce the linear velocity.
Prior to this war the ,quality of the particulate filter
was such that the use of axial flow canisters was ob-
viated because of excessive resistance of this filter.
During this war', however, all of the maj or powers so im-
prove~ the quality of their filter media that an axial
flow cqnister of reasonable diameter became feasible.
Here we have an example of the adsorbent bed design being
controlled by the filter media available.
The advantages of the axial flow canister rest in
its compactness. There are no void spaces such as the
iIll1er~ube and the annular spaces between the canister
body and the chemical container. Also, the axial flow
canister can be designed to be much shorter so that di-
rect attachment of the canister to the facepiece can be
accomplished without excessive pendulum action when'the
head is moyed. Attachment of the canister'to the face-
piece has the obvious advantages of compactness and elim-
ination of the hose tubes which might interfere with
DECLASSIFIED
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combat activities.
For these"reasons the United states, Great Britain,
Canada, and ~ermany adopted the axial flow canister. The
Japanese had an axial flow adsorbent bed and a radial
flow filter.
In an axial flow canister, gas life, air resistance,
canister diameter, charcoal volume, adsorbent particle
size, and many other variables are inter-r,elated. A
q~alitative representation of this inter-dependency is
s~ownin Figs. 69,and 70. Tp.ese figures were calculated
on the basis of the phosgene performance of the CC3-900
Type ASC impregnated whetlerite previously discussed.
Similar relationships would result for any of the other
,agents~
Fig. 69 shows that at a- fixed gas life (dotted line)
and canister diameter, the air resistance increases with
decreasing particle diameter. It ~lso shows that the
charcoal ~olume required decreases with decreasing par-
ticle diameter. Since a ~ow resistance and volume of ad-
sorbent are both desired, a balance must be made.
The factors which control the choice of the of the
balance among air resistance, sieve size, canister dia-
meter, charcoal volume, and break time are beyond the
scope of'this thesis. It involves. such abstract factors
as physical comfort, impedance of motion, design of the
facepiece, etc. The exact balance is still a contro-
versial point in the Chemical Warfare Service although
certain standards have been adopted.
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VIII. CONCLUSIONS
It is concluded that:
1. The following equation adequately defines
the relationship beteeen bed depth of axial flow adsor-
bent beds, break time, air flow, cross sectional area,
sieve fraction, influent concentration, and effluent
concentration for those agents which are physically ad-
sorbed and for whfch n in Freundlich's adsorption iso-
therm is effectively greater ,than two and for which
TYpe I kinetics'apply:
t (51)
2. All the other standard Chemical Warfare
Service non-persistent agents (CG, CK, AC, and SA) are
removed bj Type ASC impregnated whetlerite bJ a com-
bination of physical adsorption and chemical reaction
with the impregnants. Furthermore, the kinetics of're-
moval is the most involved type, Type III-B, for which
the rate of chemical reaction with the impregnants is
an involved function of the amount of unreacted impreg-
nant remaining (the impregnant is not -uniformly active).
3. For Type III-B kinetics, there is no exact
l~ear relationship between break time to a specified
effluent concentration and bed depth for axial flow
canisters, but the following semi-empirical equation
,',~,,:,:DECLASSIFIED
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accurately predicts the performance of beds of Type ABC
impregna~ed ~hetlerite for those agents which are removed
by Type III-B kinetics over the rang.e.of variables inves-
tigated:
t NA\;= C1Q t -k 11000 Q' x (In Cl1\ A / C2 +~ (52)
4. The values of kl in the above equations
have been shown to be a function of sieve size, and it
has been shown that they are relatively constant for
different Type ABC impregnated whetlerites of the same
si--evefraction.
~ 5. The value o~.kl for a mixture of several
sieve fractions can be calculated accurately for both
Type I and Type III-B kinetics by the following equation:
•
= . 1
-fa - fb fx
~ +(k) + •••• (k)
\.1\.1 J a lb. 1 x
(63)
6. The above equations are equally applicable
for breather flow test conditions and for baffled ads.or-
bent beds if all the terms which contain the air flow
rate or the ,cross sectional area and which affect the
critical bed depth are modified so that the air flow rate
J
.is replaced ~I the air flow rate equivalent to the breather
flow and the cross sectional area is replaced by the cross
sectional area at the baffles.
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7. The time to a specified cumulative pene-
tration is accurately obtained ~J the ~ollowing equations
for an axial flow adsorbent bed:
Type I:
Type III-B:
(56)
(57)
8. The air resistance of an axial flow canis-
ter, for air velocities below 2000 cm./min., can be re-
presented by the following equation:
(48)
9. The performance of a radial flow adsor-
bent bed is acc~ately predicted by the following equa-
tions ..for Type I and Type III-B kinetics:
8 ~ x 3~~'Dc = 'D~~l + 2(x+l)k 1000Qe (In Cl) (59)
1.. 1, ~ Lb C2..
Type I: t ~LNo~~ 4 ~OOOQeJ~ (6:0)= 4QCl D2 - Dc ~ 4Dckl ~ DcLb
.Type III-B: t = :~gl G - D: -12DCklt~O~~~:)J (61)
10. The time to a specified cumulative pene-
tration for a radial flow adsorbent bed can be represented
T".~ /"'IT n ~SlFlE1).
_ ...._ ~ ....~" .... "'"' _ J.. r
.. -. -
by the following equations:
D.ECLASStFIF;)), 1 8 1
~~+'Type I: Dc = D.~
f+1Type III-B: Dc = D.~
(62)
(63)
The values of Dc , calculated from these equations, can
be substituted into'Equation 60 or 61 to determine the
break time. The value of Ab must be taken as the average
at Dc and at Di.
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It is recommended that:
1. The equations which are derived in'Appdx. A
of this thesis for reversible, physical adsorption be
tested fUrther with other physically adsorbed gases and
that the value of J be accurately det.ermined as a func-
tion of the strength of adsorption.
2. Fur~her research be done with strongly ad-
sorbed gases (I= 1) 50, that the values of Ht may be
correlated accurately with such variables as diffusivity,
viscosity, density, temperature, pressure, etc. in the
form of dimensionless groups covering a wide range of the
variables.
3. Work be conducted to determine the effects
of packing density, on the values of Ht. This variable
was not studied during this investigation because all
canisters were filled by the standard free-fall tech-
nique. It was found, however, in other work at the C.W.S.
Development Laboratory, M.I.T., that higher packing den-
sities can be obtained by vibration of the adsorbent bed
when held under a hfgh pressure. Qualitatively, this re-
sulted in a higher resistance and a shorter break time
for a constant volume of adsorbent.
4. Additional work be done within the Chemical
Warfare Service to increase the activity (rate of reaction)
of the impregnants on Type ASC impregnated whetlerite and
that this work be analyzed and directed in an attempt to
DECLASSIFIED
decrease -the critical bed depths to as near the critical
bed depths inherent with diffusional resistance as prac-
tical.
5~ The principles developed- in this thesis
be adopted to research on such industrial processes as
purification-of gases, elimination of noxious waste
gases, solvent ~ecovery, separation of mixtures of gases,
and gas-solid catalysis.
6. These same principles be applied to the
concentration of components of solutions.
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APPENDIX A
DERIVATIOW QE EQUATION FOR CASES QE P~SICAL ADSORPTION
A. Derivation of Differential Eauation
Consider a differential thickness of an adsorbent bed
with a constant cross-sectional area. The quantities of
adsorbable gas-in the voids surrounding the adsorbent par-
ticles at times t and t+dt, respectively, are:
and A a d~(C + dC dt)1000. dt
The amounts of adsorbate entering and leaving this
differential thickness in time interval, dt, are:
V A C dt and V A (C + OC)dt
1000 1000 .~~
In the above expressions, the linear velocity is
considered to be constant although it actually decreases
slightly. because or adsorption. In all Chemical Warfare
Service application, however, the change never exceeds
two per cent and the assumption is justified. The normal
test concentrations, converted to volume percentages at
70°F., are. tabulated below to show the'validity of this
simplification .(Tabl~ XXIX).
Tlie difference between the quantities entering and
leaving must, by a material balance, be equal to the sum
UNClASSIFIED
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of the accumulation in the voids between the charcoal
granules and the accumulation on the adsorbent. From
diffusion rate considerations, the latter quantity is
equal to kga(C-C*)AdAdt. This equality may be expressed
by the following equation:
kga(C* - C ) = ( a ) OC1000 C5t -
Table XXIX
v ) £.Q .
(1000 A,\.
(64)
Normal and Maximum Test Concentrations
Agent Normal Test Concentration Maximum Test Concentration
(mg./L.) (Volume Per Cent (mg ./L.) (Volume Per Cent
at 70oF.) . at 70°F.)
CG 10.0 0.24 40 0.99
PS 10.0 0.15 50 0.74
AC 4;0 0.36 20 1.81
SA 10.0 0.32 20 0.64
CK 4.0 0.16 20 0.81
By similar reasoning, the following equation, relating
C, t, and m, may be_derived:
'Om
= CSt (65)
Equations 64 and 65 govern the relationships among C,
t,A, and mj it is the solution of these equations which
is desired. The value of C~, the equilibrium concentration,
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is a function of the amount of adsorbate on the adsorbent
and the temperature. For isothermal conditions, it is
a function of m only, the function reverting to the ad-
sorption isotherm.
Eliminiating C between equations 64 and-65 and'sub-
stituting f(m) for C*, the following general differential
equation is obtained:
1 87
a 2Pm + V a2m am a o~(m) V o~(m) =.lOOOkga ot2 100Qkga OAa .t ~ at + 1000 t + 1000 A 0
The solubility of this equation depends on the nature
of f(m).' The only conditions for which solutions are !mown
are when f(m) is constant'and when f(m) is directly pro-
portional to m. Unfortunately, neither of these relation-
ships is valid for the adsorption of vapors by charcoal
although the latter, which represents Freundlich's adsorp-
tion isotherm when n is equal to,zero,is a limiting case
which applies for the adsorption of gases at temperatures
far above their condensation temperature. Therefore, no
general analytical relationship of C and m as a function
of A and t can be obtained.
B. Apparent and True Critical Bed Depth
Two concepts, the apparent and the true critical bed
depths, will be referred to frequently in the following
discussion. Therefore, they are defined at this point for
clarity.
The "true critical bed depth" is defined as that bed
_.. ,..., ..... ~ ....
" ., ," .- ,"J •. ;p '~ f.,:,! .,' ..."... i '. " ,.... '•.
(11)
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depth which, at the test conditions, will result in an
effluent concentration, at the instant the test starts
(taking into consideration the time reQuired for the air
stream to penetrate the bed) equal to the previously es-
tablished break concentration.
The ttapparent critical bed depthll is herein defined
as that bed depth qt which the extrapolation of the linear
portion of the bed depth-break time curve strikes the bed
depth axis (if such a linear portion exists).
c. Solution of Equations 64 and 65 for Definite Values of
the Variables
Although Equation 11 Call1lotbe solved by any known
method to give an algebraic relationship between the vari-
ables, Equations 64 and 65 can be solved for particular,
specified values of the constants by a tedious, step-wise
process of successive approximations (trial and error).
When thi-swas attempted, it was found that the term
logo g~. in Equation 64 was always inconsequential as com-
pared to the term lO~O~ and may be neglected (this is
exemplified in Table~. Elimination of this term re-
sults in the.following equation:
(66)
Although this equation can be handled in this form,
the method of transfer units results in simpler relation-
ships and is employed throughout. Substituting the equa-
tion for the transfer unit in terms of kga and V, the
following equation is obtained:
1 89ur~CLASSIFIED
Table xxx .
. a dC V acComparJ.son of T605 dt and TI5'5O 01\
Taken from Results of Calc. No. 1, Table XXXIBed Depth: 0.32 Cm.
t C dc dc V <lc * oCa
dX at 1005 (fA: TI5'5O at(min.) (rug./L.)
0 0.18 -2.3 a 1.31 0
2 0.19- 2.4 .01 1.36 .00001
4 0.32 4.0 .11 2.30 .00011
6 0.60 7.5 .20 4.31 .00020
8 1.12 "14.0 .39 8.06 .00039
10 2.13 26.6 .72 15.4 .00072
12 4.05 50.6 1.38 29.2 .0014
14 7.10 88.6 2.41 51.0 .0024
°A
16 9.25 58.7 .70 33.8 .0007
18 10.- 10.0 o + 5.8 .0000 +,
ita assumed at-maximum value of unity.
U~." 1. !.~ Q r: ! FI CDr~\;Liiuvr L
- c
..ac= dX
U~JClf~3SiFIED1 90
(67)
If a very small bed depth increment and time incre-
ment are taken so that C'Jmay be taken as constant at
its average value, the partial differentials may be re-
4
placed by total differentials and the equation may be
integrated. This results in the following equation:
= c* + (6S)
The other relationship which is necessary for the solu-
tion of the general case,is obtained by equating Equations
65 and 66. This results in the following equation:
am = v ocat - I060 oJ\. (69)
For a very small time interval and bed depth incre-
ment, this equation may be rewritten as-£ollows:
V 6C= - 1000 6A ~t (70)
The solution is obtained by a series of successive
approximations which are started with an increment of bed
depth at the influent'end of the adsorbent bed and pro-
ceed through the bed by successive steps and which are
checked by Equqtions 68 and 70 and the adsorption iso-
therm.
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exemplified'in Table xLIII,The method
Appendix I.
Those variables which affect the relationships among
C, t, A, and m (the dependent variables) are V, lit, and
the adsorption isotherm. If Freundlich's isotherm is em-
ployed, the two constants in his correlation, k and n,
carry the burden of reflecting the influence of the ad-
sorption isotherm.
The above type of calculations were carried through
for the values of the independent variables shown in
Table XXXI.
Table XXXI
Values of Independent Variables Employed in
.Numerical Solution of Equations 64 and 65
Calculation lConstants in Freund-
Number Cl V Ht lich's Isotherm
(mg. /L.) (em./min") (em.) k n
1 10.0 575 .080 5.00(10)-8 4.0
2 10.0 575 .140 5.00(10)~8 4.0
3 10.0 368 .055 5.00(10)-8 4.0
4 10.0 575 .080 2.22(10)-4 2.0
5 10.0 575 .080 4.71(10)-2 _1.0
6 ... 10.0 575 •080 0 infinity2
7 4.0 575 .145 .755(10)-6 4.0
1. Freundlich's isotherm is herein expressed as
C* = kmnj C~ is :in mg./L.; m is in mg./ml.
2. Thisresults~in an indeterminate value of C* at
any value of m. It is further stipulated that when C* is
equal to .10.0 m is equal to 212.
D~CL:!\SSIFIEJ);
D.
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The results of these calculations showing the re-
lationships among concentration in the air stream, bed
depth, and time are' given in Figs. 71, 72, 73, 74, 75, 76,
and 77.
Interpretation of Particular Solutions and Development
of General Equation for Axial.Flow,Adsorbent Beds
1. Particular Case When n in,Freundlich's Isotherm
is Equal to or Greater than Two
a. Interpretation of Computations
The results of the computations ,were re-
plotted as bed depth vs. the time to a specified effluent
concentration for several values of the effluent concen-
trati6n. ' These plots are shown ,in Figs. 78, 79, 80, 81,
82, 83, and 84. It is apparen~fxom these figures, ~hat,
for all values of n-equal to or greater than two, a straight
line:relationship is obtained except at bed depths near
the critical bed depth. For a given set ,of independent
_variables, the slopes of these curves are constant: i.e. ,
the slope is not a function of the break/concentration.
This linear relationship which resulted
from the solution. of the non-integrable differential
equations governing the performance 9f adsorbent beds
suggested the possibility of a simplified, approximating'
~elationship. A straight line is defined tv the slope
and the interc'ept on one of the coordinate' axes. There'-
fore, 'if some relationship ,could be obtained among the
independe~t variables and the slope and the intercept,'an
approximating solution of the differential equations
would be obtained.
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A clearer insight into the reason for the
linear relationship is obtained if Calcluation Number 4,
the case where n in Freundlich's ad$orption isotherm is
equal to infinity, is analyzed separately.
*For this particular case, the value of C
is equal to zero until the instant at which the adsorbent
becomes saturated. At this instant, adsorption stops,
for C* becomes equal to Cl. Therefore, vlhen the gas-laden
air is first introduced into the bed, the concentration de-
*"creases with bed depth as predicted by Equation 67 when C
is equal to zero. As time progresses, the first infinites-
i~al layer of adsorbent increases in adsorbate content.
at a .constant rate until the saturation capacity is attained.
During this period, the effluent concentration remains con-
stant. The time interval required for the saturation of
this layer can be calculated from the known test condi-
tions by combining Equations 67 and 69. This results in
..
the following expression:
(71)
The amount of adsorbate vn1ich has been ad-
sorbed Qy the bed at this instant is equal to the product of
the time and- the quantity entering per unit tim~ (assuming
practically complete removal by the bed under considera-
tion). This results in the following equation:
= . (1000 Ht NO) (Cl v) = HtNo
Cl V 1000
(72)
.-
L DECLASSIFIED.
At the instant that the first layer of
adsorbent be~omes#saturated the influent concentration
begins to penetrate into the bed. As time progresses
more and more of the bed becomes saturated. At the in-
stant that the specified concentration (assumed to be
negligibly. small) first penetrates the bed, the bed depth
which has become saturated is representl3d by the following
equation and is graphically illustrated. in Fig. 85.
2 08
(73)
The quantity of adsorbate in this saturated
layer is represented by the following equation:
Ms = No( A - Ht In E!)C2 '(74)
T~e amount of adsorbate adsorbed by theef-
.;fluent layer, which is not saturated, is identical to the
.....
" '~uantity .transf~rred to the bed during the time interval.• ,.
"required to, saturate the first differential bed thickness.
Therefore, the total quantity transferred to the bed is
~qua~ to the sum of these and is represented by the fol-
lowing equation:
Mt = Ml + Ms = No ( A Ht.~) + HtNoC2
= No
~
- Ht(ln ~ -'D (75), C2
DECLASSIFIED
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This must, by a material balance, be equal
to the quantity of material which entered the bed. This
equality is represented by the following equation:
Cl V t
NO~
( .Cl
~
(76)1000 = - Ht lnC2 -
t 1000 NO~ Cl
~
(77)= - Ht(ln C2 -Cl V
t = No A~ . Ht(ln Cl -~ (78)C1Q - C2
. These equations relate the variables in
an analytical expression which is exact.if the bed depth
is greater than the. ~rue critical bed depth (~he true
critical bed depth is equal to Htln ~~) with the obvious
iimitation thatC2 shall not exceed Cl- For reasons of
simplicity, this equation was derived on the assumption
that the effluent concentration at break was negligible
. ,
as compared to the influent concentration. However, this
.is not a~necessary stipulation; it was made only to sim-
plify the argwnent •
.The important features of this equation
are as follows:
1. It stipulates that the slope of
the bed depth-break'tim~ curve is equal to No A •
Cl Q
2. It stipulates that the intercept
of the linear portion of the bed depth-break time curve
~lO
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on the bed depth axis (the apparent critical bed depth)
C .is equal to H~n -1- 1).C2These relationship~ may be expressed by
the following equations:
s. = 1000 No NoA= Cl.QCIV
A = Ht (In C1 - 1)c C2
(35)
(79)
The true critical bed depth is, of course,
expressed rry the following equation:
(16)
These relationships were -derived for the
particular case when the back pressure, C*, is zero ex-
cept at the instant at which saturation is attained:(i.e.,
n in Freundlich's adsorption isotherm is equal to infinity).
b •. Correlation of'Slope with Independent
Variables
It has been shovm that when n in Freundlich's
isotherm is equal to infinity the slope of the bed depth-
break time curve is equal toloooNo The validity of thisCIV •
relationship for other values of n (equal to or greater
than two) is shown by the calculated data of Table XXXII.
This tabulation shows that, for values of
n of Freundlich's isotherm of two or greater, the slope of
DECLASSIFIED.
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the linear portion of the bed depth-break time cur've is
equal tol~~~.Th~ slight discrepencies are within the
accuracy of the calculations.
Table XXXII
Correlation of Slope of Bed Depth-Break Time Curve
with. Independent Variables
Calculation No SlopeNumber (m when 1000No from
Cl V C = Cl) n CIV Figure
.!llih. em. ~ min. min.L. iii1i1. mI. cm. em.
1 10.0 575 212 4.0 36.9 38.1
2 10.0 575 212 4.0 36.9 39.0
3 10.0 368 212 4.0 57.6 57.0
4 10.0 575 212 2.0 36.9 36.7
'..6 10.0 575 212 inf. 36.9 36.9
7 4.0 .575 48 4.0 20.9 21.0
.0. Correlation of Apparent Critical Bed Depthwith Independent Variables
It has been shown that, for those instances
where the value of n in Freundlich's isotherm is equal
to .infinity.,the apparent critical bed depth can be re-
presented by the following equation:'
A . C1c. = Ht (In - - 1)C2 (79)
If the .dimensionless ratio,l\c/Ht, is plotted
on coordinate paper vs. the logarithm of the concentration
DECLASSIFlEn
ratio, a .following expression:
DECLASsmEll
result represented by the
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= (81)
This straight line has a siope of unity
and an intercept on the logarithm of the concentration
ratio axis of unity. Fig. 86 shows the plot of these
two functions for other values of n than infinity. The
points on the curves were obtained from Figs. 78, 79, .80,
81, 83, and 84.
Fig. 86 shows that, for all values of n
equal to or greater than two, a straight line relation-
ship is obtained with a slope of unity. The intercept
of these straight lines on the concentration ratio axis,
however, changes and is a function of n. The following
tabulation shows the value of the intercept,j1, as a func-
tion of the value of n in Freundlich's adsorption isotherm.
This relationship is represented graphically in Fig. 87.
Table XXXIII~
Carrelation ofjJ with n
Ac = ln Cl _ A
Ht C2 t' (41)
Calculation Number
1
2
-3
4
6
7
n
4.0
4.0
4.0
2.0
infinity.
_4.0
jJ
0.78
0.78
0.78
0.36
1.00
0.78
f)EC!J\SSIFl?O
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d. General Equation
It has.been established herein that, for
values of n in Freundlich's adsorption isotherm equal to
..
or greater than two, the slope of the straight line re-
d 1000 Nolating be depth and break time is equal to CiV and
the intercept on the bed depth axis is equal to .... C
Ht(ln C~ -;8). There£ore, the complete relationship may
be represented by the following equation:
t
1000 No
~ - Ht
( Ci -~~= In_CIV C2
t
No A.'.
~ -" Ht
Cl -;iJ (1)= Cl Q (In -C2
In this. equ~tion, I is a function of n varying from 0.36
to unity as n increases from two to infinity.
2. Particular Case When n in Freundlich's Isotherm
is Equal to Unity .
It was stated previously tllat a solution of.
the general dif~erential equation (Equation 11) was known
for the particular case when n in Freundlich's isotherm
is equal to unity. This particular case was originally
solved by Angelius (45) who obtained differential equations
similar to Equations 64 and 65 for heat transfer to porous
beds by a flowing gas stream. The general solution.j.s....
given by the following equation:
A/lit, .
C _k(kga)tj
Cl = 1 - era 2~(kga)t s
"
-se ds (82)
DECLASSIFIED
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In this equation, Io(Z) denotes the modified
Besel function, Jo~iz). Precisely, this is represented
by the following equation:
= I + s + ••••• + (83)
The integral represented by Equation 82 has
been solved for various values of the independent groups,
and the solutions have been publishedf.tr.fFurnas (46) and
expanded by Drew, Spooner, and Douglas (47) for very. small
values of C/el. The solutions were published in the form
of graphs.
Calculation. No. 5 was computed qy the use of
these gnaphical representations of ~he general solution
of Equation 82. The resulting bed depth-break time re-
lationships are shown in Fig. 82 for low values of th~
bed depth and in Fig~ 8a for large values of the bed depth.
These figures show that there is a very definite
curvature in the bed depth-break time relationships, the
curvature increasing as the break concentration is de-
creased. Even at a break concentration of 1 mg./mi., the
curvature does not cease until a life of approximately
400 minutes is attained.
Therefore, it is apparent that Equation l.does
not ap~ly for ~he adsorption of those agents, the adsorp-
tion isotherm of which is linear: i.e., n in Freundlich's
isotherm is equal to UD'ity ..
DECLASSIfIED
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E. Limitations of General Equation
1. Ass~pti~n of 'Isothermal Valid
Equation 1..was derived to fit the calculated re-
lationship bet~een bed depth and break time for the linear
portion.of the curve relating these variables. However,
it has been pointed out that this equation does not apply
for bed depths near the critical value.
IIt has not been specifiGaliy pointed out that
this equation does not apply if the break concentration
is too near the influent concentration. This range of in-
..
accuracy increases w~th decreasin~ values of n in FreUnd-
lich r s isother~. -Fig. 89. shows the inaccuracy which can
be expected at high break concentrations with n equal to
two. This figure shows .the calculated values of C as a
t '
function of time at a particular bed depth as ..compared
with the values calculated from Equation 1.
It is evident that, even with this low value
.of n, dis~greement petween the exact. relationships and,
the relationsh1p~ predicted by Equation I does not occur .
until effluent concentrations exceeding ten per cent of
the influent concentration are attained. In all Chemical
Warfare Service standard test procedures, the break con-
centration never exceeds one per cent of the influent .'
concentration; therefore, no discrepency is 'tobe expect'ed.
2. Non-Isothermal Considerations
The previously derived equations were derived
on the assumption of isothermal adsorption. Actually,
heat is.liberated when a material is adsorbed, the quan-
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tity of heat increasing with increasing adsorbate concen-
tration. The heat which is released is transferred par-
tially to the adsorbent and partially to the air stream;
so the temperature of both increases. An increase in
the temperature of the air stream has little effect, for
the partial pressure of the adsorbate is not affected and
the mass transfer coefficient is not materially affected
by a change in temperature.
An increase in the temperature of the adsorbent,
however, does have an appreciable effect. For a given
adsorben~ content of the granules, increasing the tem-
perature increases the equilibrium partial pressure which
decreases the rate of mass transfer.
~If a particular point in the bed is studied, the
following temperature history is obtained: (graphically
i~lustrated in Fig. 90)~ Initially the temperature rises
sharply because of adsorption and heat liberation at a
point in the bed ahead of the specified point. After
this initial, sharp rise, the temperature.gradually in-
creases as the adsorption wave approaches the chosen lo-
cation. As material is adsorbed at the designated point,
the rate of adsorpt~on decreases because of the increasing
back pressure. This decrease in the adsorption rate de-
creases the rate of heat liberation which, in turn, allows
the temperature of the adsorbent to drop. As the tempera-
ture of the adsorbent drops, -the partial pressure decreases
and further adsorption occurs. This process is repeated
until saturation at the influent temperature is attained.
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It is, of course, a gradual process and does not occur
in steps as indicated above.
Qualitatively, this entire process is analogous
to the isothermal adsorption of a gas for which n in
Freundlich's isotherm is decreased, for both the heat
liberation and the decrease in n retard the rate of ad-
sorption during the final stages ,of saturation by' in-
creasing the back pressure from the adsorbent. Therefore,
the interpretation of data and the correlation of data
with the results predicted by Equation 1 must take cogni-
zance of the heat of adsorption.
pract~cally, the normal agent concentrations
are quite low so that large temperature rises are not ob-
tained and the effect of this variable is minimized. This
\,
is especially true for those agents for whiCh n in Freund-
lich's isotherm is large. The major discrepencies are to
be expected with those agents for wrlich the value .ofn is
~ow (around two), for, if the temperature rise is suffi-
cientto reduce '..the effective value of n.to near unity,
it~has been shovm previously that Equation 1 will no
longer apply.
~ 23
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APPENDIX B
DERIVATION OF EQUATIONS FOR CUMULATIVE PENETRATION BREAK
''&' General
.,. ;......,,, :.-~
The usual p~actice in the evaluation of adsorbent
beds is to...measure the time to a specified ef£:luent con-
centration wpich is chosen to approximate the minimum
physiologically detectable concentration. However, cer-
tain agents (e.g., arsine) are cumulative poisons and,
therefore, the time to a specified cumulative penetration
is more nearly representative of the protection afforded
uf an adsorbent bed. Since this method of canister evalu-
ation is standard practice for particular agents, it is im-
portant to modify the equations to cover this test method.
h
B. Derivation of 1'Equation 'for Axial Flow Adsorbent Bed s
The general equation relating the variables was de-
rived in Appendix A and is as follows:
t (1)
Solution of this equation for the effluent concen-
tration results in the following equation:
Ci
_ .A-
Rt
(84)
This equation relates the effluent concentration
with time for fixed values of the independent variables.
DECLASS1Fl~,'
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The cumulative quantity penetrating the bed is represented
by the following equation:
225
F = (85)
substituting the value of C expressed Qy Equation 84
into Equation.85 and integrating, the following expression
is'obtained:
F = (86)
(87)
Rearrangement of this equation results in the fol-
lowing relationship:
(A. ~rCiQ t
F = -NoAHt~ +~J~ - NoAHt
For such values'of time that the first term inside
the brackets is much greater than unity, the following.
equation is derived by rearrangement and taking logarithms:.
t H (In NoA Htt F (6)
This equation is strikingly similar to Equation 1
and represents a straight line with the same slope but
with a different intercept on the bed depth axis.
It should be borne in mind that Equation 84 is not
exact for .very short time intervals. This was explained
in Appendix A. For a short time after the start of the
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test, the effluent concentration remains constant and is
represented by the following equation:
(68)
e
(88)=
obtained:
A
litF e
CIQt
Solving for the cumulative penetration as before, the
following equation is
Therefore, the entire curve of cumulative break time
vs. bed depth is represented, in part~, by three separate
equations. -For very short break times, Equation 88 applies;
for,relatively large break times, Equation 6 applies; and
for intermediate values of the break time, Equation 87
applies.
It is to be observed that there 1s no true critical
bed depth for a cumulative penetration test,- for a finite
time interval is required for a finite quantity of agent
to pass through the ,bed even at zero bed depth. This'time
, '.interval is obt~ined from Equation 88 to be as follows:
..:
',f
=
F
Cl Q (89)
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APPENDIX C
ADAPTATION OF EOUATIONS !Qfi BREATHER FLOW
A. Need for Adaptation
The equation which was derived in Appendix A for
the removal of agents from carrier air streams by passage
through granular adsorbent beds is limited to conditions
of steady flow .In the past three years, the ,"sine wave
breather tester" has been developed. This machine simu-
lates the breathing cycle of the average "person under con-
ditions of heaVy exercise. Gas-laden air is drawn through
the canister under examination at a variable flow rate
which approximates a sine wave. The "minute-volume"
(integrate~ volume of gas dravnl through the canister in
one minute) is held at 50 L./min. for the standard test
although this can be varied by regulating the number of
cycles per minute. ~he sine wave flow has a duration of
one-half of a complete cycle (simulating inspiration),
and no flow occurs during the second half of the cycle
(simul~ting expiration). The standard test 'procedure
employs 33 cycles per minute. These flow conditions are
represented graphically in Fig. 91.
Since this test p:pocedure has become standard for
the evaluation of adsorbents, the modification of the .
equations to this test condition is important.
B. Derivation of Equation
It was shown in Appendix A that, if n in Freund-
lich's isotherm is equal to infinity, the axial flow
.u£CLASSIFlE1~ 228
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bed could be divided into. two" parts: ~'(l)- that portion
of the bed which is saturated with respectm the influent
concentration and in which the concentration in the air
stream is constant at the influent concentration and
(2) that portion which is not saturated and in which the
relationship between concentration and bed depth is repre-
sented ~y the following equation:
I
= Ac
Ht j. (80)
solving this equati9n for Cz, the following expression
is obtained:
(90)
For a given set of test conditions, it is lmown that
Ht varies with velocity as expressed by the following
equation:
; .
Ht = klVx (50)
substit'!ltingthis value of Ht into Equation 90, the...
=
following equation is obtained:
Cl
A'.c
~e
(91)
II
For the sine wave breather, the flow rate during the
•
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inspiration half s represented by the
following equation:
Q = 157 sin(2 ~ fr t) (92)
Let s = 2 fr t. (93) .
Then: Q = 157 sin(~s) (94)
Dividing the flow rate by the cross-sectional area
of the adsorbent bed and multiplying by 1000, the follow-
ing equation is obtained:
157,000 sin(~s)V = A
substituting the value of V.'from Equation 95 into
Equation 91, the following equation is obtained:
(95)
(96)
The 'total quantity of material penetrating the ad-
sorbent bed over a single half cycle may be represented
by the following equation:
F =
"
1
s.2fr Q C2dto ,
= 157elf2 fr
o
e
(97)
(98),
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The average concentration penetrating during this
cycle is equal to the total amount penetrating divided
by the integrated air flow during the period. This
equality is represented by the following equation:
=
.f'157-f (sin ~s) ds2 r
()
(99)
(100)
-Rearrangement of this equation results in the follow-
ing expression:
In (101)
It is apparent from this differential equation that
the following equation is applicab~e:
= f ( In Cl)x, C2 (102)
DECLAsSlFIED.
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Designating this function'by the symbol, B, the
following simplification results:
\' (157 t OOO\X
1\0 = kl A ') B
I
For steady flow conditions, Ac is given by the
following equation previously derived:
(103)
Ac H ln Ci= t C2 (80)
substituting the value of Ht given by Equation 50'
into Equation 80, the- following equation is obtained:
I 1000 Q~x ln~A .(104)= kl Ac C2
If Qe is desig~ated as the "steady flow rate equi-
valent to breather flow" to the extent that it ,affects
Ithe valuet:of Ac, Equations 103 and 104 may be set equal
to one another., This results in the following relation-
ship:
(105)
Solving this equation for the steady flow rate
equivalent to breather f1ow,'Qe, the following equation
is obtained:
(106 )
DECLASSIFlEP,
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Since, in this equation, B is a function of in Cl
C2 •and x, Qe must also be a function of these same variables •
.Equation loi was integrated (graphically) and the resulting
CIrelationship between Qe' In C2' and x is shovm in Fig. 92.
~hus, it has been shown that the length of the true
critical bed depth for-the case of breather flow. testing
may be represented by ~n equation analogous to the equa-
tion applicable for steady flow conditions. These analo~
gous equations are as follows:
233
a. steady Flow
A~= (104)
b. Breather Flow
AI = k (1000 Qe\ x In Cl
C It" A) C2
(106 )
The .development of the remaining groups in the
equation relating" break time to the pertinent variables
for bre~ther ~esting is identiaal to that for steady
flow testing. Therefore, the resulting equation relating
the variables'for breather flow testing (constant cross
section adsorbent bed) is as follows:
(1)
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APPENDIX D
ADAPTATION OF EQUATIONS TO RADIAL FLOW
A. Need for Adaptation
The equation which was developed in Appendix A
(Equation 1) for the removal of agents from carrier air
streams is limited to axial flow adsorbent beds: i.e.,
beds of constant cross-sectional area perpendicular to
the direction of air flow. This design is the simplest
of the many possible designs of adsorbent beds. However,
several of the U.S.Army gas mask canisters are o~ the
"radial flow" design. In this construct'ion the adsorbent
is retained between two .concentric, perforated cylinders.
The air stream enters the face of the outer cylinder per-
pendicular to the axis of the cylinder and leaves through
the inner cylinder-commonly called the "inner tube". It
is obvious from this description that. the air velocity
i~ a function o~ the.position in the bed. Since the radial
flow canister is use9- by the U.S-.Army, tpe adaptation of
the previously derived equatiryns to apply for this type
of design is important.
B. Derivation of Equation for the Criti~al Diameter
The .critical diameter for a.radial flow canister is
analogous to.the critical bed depth for an axial flow
canister. For a particular inner tube diameter, -it is
defined as the outer tube diameter which will result in
an effluent concentration equal to the break concentra-
tion at the instant the air first penetrates the bed.
235
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for the radial flow canister are shovln in Fig. 93.
The following equation was developed in Appendix A
to express the relationship between bed depth and concen-
tration:
elr _ e = de
-'t (jJ\ (67)
This equation is equally applicable to radial flow
canisters if it is modified as follows (see Fig. 93):
*e - e
.Ht
= 2 dC- <ID (107)
For the particular case when n in Freundlich's iso-
it"therm is equal to infinity, C is equal to zero to the
instant that saturation occurs. Introduction of this con-
sideration and rearrangement of the terms results in the
following equation:
de = dD
C 2Ht (IDS)
It has been shovm previously that Ht is a function
of velocity and, for a given set of conditions, can be re-
presented-by the following equation:
_..x (1000 Q)XHt = klv = kl# D L (109)
Substituting this value of Ht into Equation.10S, the
following equation is obtained:
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Integration of this equation from the influent to
the effluent concentration and from the critical diameter
to the inner tube diameter results in the following equa-
tion:
nx+;L DX+lc. i.
(lOOO'Q)X2kleX+l) ~'L (Ill)
Solving this equation for the critical diameter, the
following equation is obtained:
.-
Dc = (4)
c. Determination of Time Interval Required for Saturationof Differential Thickness at Critical Diameter
If the canister were constructed to have an outer dia-
meter equal to the critical diameter, the effluent concen--
tration would remain constant at the break concentration
until the first differential bed thickness became saturated.
The purpose of this section is to determine the time in-
terval requireq to obtain saturation of this differential
thickness.
A material balance across this section results in the
following equation:
dDA dm -2: = Q dCdt (112)
- 2--3 9
dt = ff D2 .Q
L dm
dC'
dD
(113)
substituting into this equation the value of dC/dD
obtained from Equation 110 3nd integrating from m equal
to zero and mequal to No" the following relationship is
obtained:
~ Dc L No kl (1000 Q\X
Cl Q 1t Dc L) (114)
It is important to note that this equation 1s iden-
tical to the equation for axial flow beds, derived in
Appendix A, for ltDcL,isequal to A and the term, kl(~O~~~)X
is equal to the height of a transfer unit at the critical
diameter.
Since this is analogous to the equation for axial
flow adsorbent beds, it is_,:reasonable to assume that _the
effect of the isotherm should be analogous. Fromthe
treatment of the a~ial flow adsorbent bed, the effect of'
n in the Freundlich isotherm is expressed by the following
equation:
N~k ~lOOO Q)X
1 1t D Lc
(115)
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D. Derivation of Complete Equation
. ,
For'the particular instance when n in Freundlich's
i~otherm is equal to infinity, all-adsorbent contained in
the concentric cylinders bounded rrf the outer cylinder and
the cylinder defined by the critical diameter i$ saturated
with respect to the influent concentration. From a ma-
terial balance which takes into consideration the quantity
of agent entering and the quantity in the saturated and
in the unsaturated layers, the following equation was de-
rived for radial flow adsorbent beds:
t = ~ L No ~~ _ D2 4D k (1000 Q)\~4 C1Q ~ c + C 1 ~ Dc L~ (51)
Taking into consideration the effect of n in Freund-
lich's adsorption isotherm, the following equation was
obtained:
t = (5)
DECLAS~)lrtEq:
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APPENDIX.E
REMOVAL OF AGENTS BY CHEMICAL REACTION WITH IMPREGNANTS
A. General
The previous appendices were concerned with the re-
moval of agents by reversible, physical adsorption when
the rate of mass transfer from the air stream to the sur-
face of the granules controls ..the overall rate of removal.
The more difficult problem is encountered in those in-
stances when the impregnation on the whetlerite contri-
butes.towards its capacity, for in such instances another.
rate, the rate of chemical reaction, must be considered.
It is held to be self-evident that such materials must
be adsorbed before the impregnation on the adsorbent can
function. 'Therefore, the mass transfer from the air stream
to the surface of the adsorbent must be the first step in
the removal of any agent.
Consider first the case when the impregnant does aid
in the removal of the agent by" chemical reaction and the
rate of chemical reaction is~very rapid as compared to
the rate' of diffusion to the surface of the adsorbent •
..
As the material is transferred to the surface, it is re-
moved so rapidl~ that no appreciable "back" pressure of
the diffusing material is obtained to retard ~he rate of
transfer until the reactive capacity is completely util-
ized. This case was analyzed and was found to be entirely
analogous to that of reversible, physical adsorption when
n in Freundlich's isotherm is equal to infinity. This
analysis reveale
L pECLASSIFIE~
equation derived
in Appendix A (Equation 1) is equally applicable for this
mechanism. of removal with the modific'ation that No must
be replaced by the sum of the adsorptive and reactive
capac.ity, No+ Nr. These' conditions of gas removal are
designated in this thesis as Type. II kinetics (Type I
classif~cation ?eing reserved for 'removal by reversible,
physical ads~rption when the rate of transfer tl~ough
the stagnant~air film surro~ding the granules controls
the overall rate of removal).
Second, let us consider the case when the impreg-
nant aids in the removal of the agent tv chemical reaction
but the rate of chemical reaction is of the same order of
magnitude as, or much less than, the rate of diffusion to
the surface of the granules. For the latter case, the'
adsorbent will rapidly pick up the qu~ntity of adsorbate
which it can physically adsorb. During this saturation
period, a very small amount will have reacted;:and will
continue to react slowly tending' to reduce the "back"
pressure aL'1.dallowing a small, additional"quantity to be
transferred by diffusion to the adsorbent surface. This
'process will continue until the chemical capacity is com-
pl~tely utilized.
This situation is somewhat analogous to an electric
condenser with a slight .leak,"for it is rapidly charged
by impressing a voltage across it and then draws a small
amount of current, the leakage current, to maintain the
charge.
t>ECLASSIFlED:'
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"This would correspond very closely to a chemical
reaction on the adsorbent which is quite slow but infinite
in capacity to-remove the agent. This general condition
shall be designated in thesis as Type III kinetics.
~. Mathematics of TYpe III Kinetics
1. General Equation
:The rate of chemical reaction between adsorbed
molecules and the impregnants on the adsorbent is very
probably a function of two variables. These are the
concentration of agent physically adsorbed (not reacted)
and the quantity of impregnant which has not been con-
sumed by previous reaction. This relationship may be
expressed by the following equations:
dM
dt :::
= f(I)
(12)
(116)
The rate of mass transfer to the surface of"
the adsorbent was sho'wn in AppendiJe A. to be represented
by the following equation:
d(M+m) = kga (C - c*) ordt
d (M+rn) = kga (C - c*) dt (8)
From a material balance, the amount of agent
which is transferred to a differential bed thickness, axial
flow bed, must be equal.to the rate of mass transfer mu1-
DECLASSIFIED' ..
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tiplied by the time, the area, and the differentia.l
bed thickness. This results in the following equation:
Q de dt = kga (c*- C ) A d~ dt
dC = (C* (67) .
(117)
~.This must, in turn., be equal to the SUlll of
the amount which has reacted chemically, the accumulation
of unreacted material on the surface of. the adsorbent,
and the accumu~ation of unreacted agent in the voids
surrounding the granules. This may be represented by
the following equation:
, .
- Q dC dt = ~a. f(m) A aA. dt + A dm d~ + l30g dA dC
de = G:ra' ~ f (m) + A dID +....A...s! dQl d~
[ Q dt 1000 d~
It was sho~vn in Appen~ix A that, for reversible
adsorption, the term representing accumulating in the
vo~ds surrounding the adsorbent granules 'was negligible.
This will be sho~~ to be equally true for the removal of
agents tu chemical reaction later in this thesis. Elimi-
nation of that term results in the following simplification:
f"kra'k,f(m)
de = - ~ Q + A ~ dA.Q d~ (lIS)
The height of a reaction unit, which is analo-
gous to the height of a transfer unit, is defined by the
L..
following equation: DECLAsSlFIEa
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= V1000 kraf (119)
substituting this relationship into Equation 118,
the following equation is obtained:
de = - (1- rem)~Hr + 1.QQQ d~ dA. v dt) (120)
If the functions Hr, f(m), and Ht were known
for a particular set of test conditions, the relationship
among t.he'varia.blesbed depth, concentration, and time
could be computed by a tedious, step-wise integration in-
volvingtrial and error computations at each step checked
by Equations 67 and 120 and IT.f the adsorption isotherm.
2 .-Particular Sol:utions
a. Type III-A Kinetics
It was assumed by ,Hurt (34) that, for catal-
ytic reactions on the surface of granular solids, r(m) .is equal to the partial pressure of the reacting material
on the surface of the adsorbent. It was further assumed.
that the rate of reacti~n is independent of the previous
utilization of the impregnant. These assumptions' lead
de =
to the fol~owing modification of Equation 120:
(clr1000 ~\ dA\.Hr + -V aV (121)
This particular type of kinetics has been
solved for-the values of the independent variables shoval
in Table XXXIV by a tedious, step-wise integration:
Table XXXIV
Test Conditions for Computation of
Type III-A Kinetics
2, 46
Test Concentration, Cl
Flow Rate, Q(lOOO)/A = V
. Ht
HrIndicator Break Cone., C2
Equilibrium Relationship
Reactive Capacity
I
4.0 mg./L.
1000 cm./min.
.050 CID •
.235 CID.
* .008mg~/L.C =.0178 m
89 mg./ml.
The results of these computations are
shown in Figs. 94, 95.,and 96. The method of calcula-
tion. is exemplified in Table XLIV, Appendix I.
Fig. 94 shows that the plot of the loga-
rithm of the effluent concentration vs. time consists
of two straight lines joined by a transition curve.
Fig~ 95 shows ,the plot of the logarithm of m vs. bed
depth and is of the same general type. Fig. 96 shows
the plo,t of time to'a specified -effluent concentration
vs. bed depth and is also in the form of two connecting
'straight lines.
Table XXXV shows the analysis of Fig. 96
as correlated with the equation relating bed depth and
break time for reversible, physical adsorption (Type I
kinetics-Equation 1)
The comparisons of Table XXXV ~how that,
for the upper porti~n of the bed depth-break time curve,
the following equation applies:
t =
lOOO(No+ Nr)
CIV . ( )
Cl
Ht + Hr (In - -. C2
(2)
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Table :xxxv
Correlation of-Calculations for Type III-A Kinetics
3.75 min./cm.
15.0 rug./ml.
3.7 min./cm.
26.0 min./cm.
104 rug./ml.
~o' Physical Adsorption Capacity at Cl
1000.No
CIV
Slope of Lower, Straight Portion of Curve
No + Nr
1000(No -+: Nr)
, Cl V'
Slope of Upper, Straight Portion of Curve 26.0 min./cm.
Cl(Ht + Hr)(ln C2 - 1) 1.49em.
Apparent Critical Bed Depth 1.49 em.
This equation is entirely analogous to
that for Type I kinetics if No+ Nr is substituted for No
and Ht+ Hr is substitute~ for Ht and-if it is considered
......that n in Freundlich's isotherm is effectively infinity.
The reason fortl1is similarity becomes more apparent if
C* is eliminated 'between Equations 67 and 121. This
elimination results in the following equation:
dC
1000 dm C--V dt -
= di\.~t + Hr (122)
If, in this.equation, dm/dt is ~onsidered
to be negligible; the equation may be integrated andre-
suIts in the following expression:
A
c =
C .
(Ht + Hr) In...1.C2 (123)
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This equation is likewise identical in
form to that applicable for reversible adsorption.
The lower part of the bed depth-break time
curve is identical to that which would be obtained if no
. ~reaction occurred on the ads<?rbent, for a certain inter-
-val of time is required for the slower chemical reaction
to reflect in.the bed depth-break time curve.
b. Type III-B Kinetics
Although there is a great lack of data
for all-the Chemical Warfare agents, it was shown quite
conclusively by the data of Wiig (48, 49, 50, 51, 52)
that ~he rate of re~oval of cyanogen chloride from air
streams by Type ABC impregnated whetlerite is influenced
by the previous utilization of the impregnant. Wiig
conducted tests in which cyanogen chloride-laden air was
passed through very thi~ adsorbent beds and in which
the chloride content of the adsorbent was measured as
a function of time. Selected results of his experi-
ments are shown inF:lgs. 97 and 98.
Wiig did not analyze his data for com-
pliance with Equation 12. However, since the rate of
attainment of equilibrium was so slow as compared to
that predicted by diffusion considerations, it is ob-
vious that practical physical saturation "must have been
attained relatively rapidly. Therefore, the term, f(m),
in Equation 12 is practically constant ,except for the
short, initial part of the test which was required for
physical saturation.
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The 'slope ,of the plot of cyanogen chloride
content vs. time is, by Equation 12, equal to kra1f(m).
If it is assumed that f(m) is directly proportional to m,
kra' can be calculated from the slope of these curves.
These calculations were made and the resulting relationship
is shown in Fig. 99. It is to be noticed that a unique
curve was obtained for the two test velocities employed
by Wiig (1000 and 4000 cm./min.). This adds credence to
the validity of Equation 12.
Using the values of kra1 shovm in Fig. 99
and -employing the assumption that f(m) is equal to m, tIns
particular type ~f kinetics was solved for the following
values of the independent variables by a tedious, step-
wise integration similar to that employed for Type III-A
kinetics:
Table XXXVI
Test Conditions for Computation of Type III-B Kinetics
Test Concentration, Cl"Linear Flow Rate, V
HtEquilibrium Relationship
Reactive Capacity
4.0 mg.!L.
4000 cm./min.
* 0.36 em. 2C = .0178 m
89 mg./ml.
The reason for the choice of the adsorp-
tion isotherm shown in Table XXA~I was that it complies
with the adsorption capacity of the unimpregnated whet-
lerite (15 mg./ml. at a concentration of 4 mg./L. from
data of Wiig) and because cyanogen chloride is a lightly
DECLASSlFlED.
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adsorbed agent and, therefore',.. have a fairly small
value of n. The value of Ht was purposely chosen at a higher
value than theory predicts (Ht should actually be approxi-
mately. 0.05 em.) to facilitate the computatfons and be-
cause the value of this variable is not critical in the
final analysis (the chemical reaction rate controls).
The results of these calctuations are shovvn
in Figs. 100, 101, and 102. Fig. 100 shows that the plot
of the logarithm of the effluent concentration vs. time
results in a continuous curve with no straight part.
Fig. 101 shows that the plot of the logarithm of m+M vs.
time results in a curve which degenerates to a,straight
line at large bed depths. Unlike all other types of
k1netics, saturation of the influent layers was not'ob-
.tained, an~ it is apparent that the final stages of sa-
turation are quite slow. Fig. 102 shows the plot of
the time to a specified effluent concentration vs. bed
depth. The initial portion of this curve conforms to
the curve.anticipated froID the adsorptive capacity of the
whetlerite in the same mallner as for Type III-A kinetics.
At larger bed depths, however, the similarity ceases, for
although an apparent straight line relationship is ob-
tained, the curvature actually continues to a slight ex-
tent; it can be shown that this curvature will continue
to persist at all bed depths. For all practical purposes,
however, the upper part can be consider~d to be a straight
line. Correlation of the pertinent functions represented
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in Fig. l02.with the relationship predicted for Type I
kinetics by Equation 1 is shown in Table XXXVII.
Table XXXVII
Correlation of Calculations for Type III-B Kinetics
No, Physical Adsorption Capacity at Cl
1000 No
Cl V
Slope of Lower, straight Part of Curve
No+ Nr
lOOO(No+ Nr)
ClV"
.Slope of Upper, Straight Part of Curve
Apparent Critical Beddpepth
15.0 mg./ml.
0.94 min./cm.
1.20 min./em.
104 mg./ml.
6.5 min./cm.
3.5 min./cm •
3.45 em.
It is seen that the slope of the_linear,
upper part of the bed depth-break time curve does not
conform with the slopepredieted by either Equation 1
or Equation 2. Sinee Hr is not a constant, there is no
theoretical value for the apparent critical bed depth
with which to correlate the observed value •
.In summary, no simplified relationship
between bed depth and break-time was obtained for this
type of kinetics. This classification is designated in
this thesis as Type III-B kinetics.
A plot was made of the apparent critical
bed depth as a function of the logarithm of the' ratio
of the influent to the effluent_concentration from the
calculated values of C2 as a function of ~ime and bed
depth shown in Fig. 100. This plot (Fig. 103) shows
DECLASSIFIED
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that a linear relationship exists as with all other types
of kinetics but that the 'intercept lies at a negative
value of In Cl _of 3.o. It is to be recalled that for all
C2 .
other types of kinetics this intercept falls'between zero
and unity. Therefore, it may be considered that, for
Type III-B kinetics, ;8 is equal to -.3.0.
Wiig conducted one test under the condi-
tions for which the foregoing computations were made
for an adsorbent bed depth of seven cm. and obtained a
break time of 14 minutes to an effluent concentration
of eight mmg./L. From Fig. 102, it is seen that a com-
pu.ted life of 12.5 m.inutes was obtained. This is in
excellent agreement and further strengthens the assump-
tions made to enable the completion of the computations.
After this test, Wiig sectioned the adsor~
bent o-ed and analyzed f9r agent content. His results,
as compared with the calculated result~ are shovm in
Fig. 104. Actually, the agreement is believed to be
better than indicated, for in,this particular case there
is an inconsistency in WiigJs data. In the fourteen min-
utes of test, 224 milligrams of CK were passed into the
bed and practically 100 per cent of this was transferre~
to the adsorbent. The area under the curve representing
Wiig's data only accounts for 196 mg. indicating that some
error was made and that the ordinates should be greater.
The area under the calculated curve accounts for the en-
tire 224 milligrams. This would make the agreement be-
tween the experimental ~~d calculated distribution of the
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agent even closer.
This does not indicate that Wiig's data
are unreliable, for all other data are remarkably con-
sistent in that the material balances close.
It is interesting to note that if the
error were caused by an incorrect, 'low.influent concen-
tration, the correct life would also be lower and would
correct (on a linear scaling) to .12.3 minutes. This is
almost identical with the calculated life of 12.5 minutes •
.The difference in the distribution curves is also as would
be expected from a slightly low test concentration for
the experimental data.
Klotz (53) made a very a.ccurate measurement
of break time vs. bed depth for the removal of CK by
Type ABC impregnated whetlerite and obtained the data
sho~n in Fig. 105. In these tests, break times were
measured with an ultra-violet adsorption meter so that
the l~g associated with chemical (bubb~er type) indicators
was not obtained. The qualitat'ive agreement between Figs.
103 and 105 is obvious.
c. Discussion of Computations
It-has been shown that the removal of an agent from
carrier streams can be segregated into at least three ma-,
jor classifications. These are as follows:
1. Type I Kinetics: Removal by reversible,
physical adsorption when the rate of d~ffusion from the
air stream to the surface of the adsorbent controls the
overall rate of removal.
t)BCLASSIFIED
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2. Type II Kinetics: Removal by reversible,
..
pnysical adsorption and by relatively rapid chemicaE
reaction when the rate of diffusion from the air stream
to the surface of the adsorbent controls the overall rate
of removal.
3. Type III Kinetics: Removal by reve~sible,
physical adsorption and by chemical reaction when the
rate of chemical reaction is of the same magnitude as,
- or much slower than, the rate of diffusion from the air~
stream to the surface of the adsorbent.
It has been shovm further that Type III kinetics
may be subdivided into at least two distinct classifica-
tions. These are as follows:
1. Type III-A Kinetics: The rate of chemical
reaction is independent of the previous utilization and
'is directly proport~ona~ to the partial pressure of the
agent at the surface of the adsorbent.
2. Type III-~ Kinetics: The rate of chemical
reaction is an involved function of both the previous
utilization of the adsorbent and the amount of unreacted
agent on the adsorbent •.
The computations showed that the bed depth-break
time relationships are accurately represented for all
these classifications, except Type III-B kinetics, by
the following equation:
t = (No+ Nr)CIV (Ht+ Hr) (In CI _A )l. - C2 I ~
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Although Type III-B kinetics can not be correlated
by this equation theoretically, the shape of the bed
depth-break time curve (Fig. 103) suggests that an em-
pirical equation of the same type might be found which
would adequately represent the experimental data over a
'limited range of the variables. Such an equation might
involve the replacement of No+ Nr rrf an experimentally
determined constant and Ht + Hr by another experimentally.,
determined constfu~t. An equation of this type would be
extremely valuable in canister design.
It is interesting to note that, if Type I or Type II
kinetics apply; the effects of velocity on ~he apparent
critical bed depth are reflected Of the effects of velo-
city on Ht- Since,_,itwas shown in Previous Work, III,
that Ht varies '~s a 'fractional power of the ve~ocity, Ac
can be expected .to vary,in the same ma!ll1er.
However, if Type III-A kinetics apply, the effect
of velocity on the apparent critic~l bed depth is re-
flected by the changes in both Ht and Hr- Since the.
,chemical reaction ra.te function, kra', can not be expected
to change 171th velocity (verified by Wiig's data, Fig. 99)~
the velocity effect on Hr is shovrn directly try Equation 119:
i.e., -Hr s'hould be dir ectly .proportional to veloc ity •
Thus, for Type III kinetics, the apparent critical bed
depth is proportional to the sum of (1) a term which
va~ies as ~ fractional power of velocity and (2) a term
w~ich varies linearly with velocity.
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A.
..,,~. THEORETICAL ADA.PTATION OF EOUATIONS FOR BLENDS
QE SEVERAL SIEVE FRACTIONS
General
It is practically impossible to obtain pure sieve
fractions' in commercial production, for it would entail
a large loss of "off-size" mat,erial. The Chemical War-
,fare Se~vice emplQYs a sieve fraction blend which is
classified as "12-30 mesh" whetlerite. Practically
100 per cent of the whetlerite passes through a No. 12
U.S. Standard screen and very little passes through a
No. 30 screen.
Obviously, it would be impossible to test all the
possible blends of the various standard sieve fractions
between 12.,'and30 sieve fractions (12'-16, 20, and 30
sieve fractions) to obtain the rate functi~ns. The more
practical approach is to obtain these functions for the'
pure sieve fractions and to interpolate, by a suitable
equation, for blends of these separate fractions. The
following is the derivation of a the~~etical equation to
allqw such interpolation.
Derivation of Interpolation Equation for Mass Trans-fer Functions ..
Th~ height of. a..transfer unit has been defined pre':'"
viously 'tri. the following equaj;ion :...
Ht = v.. lOOO.kga (13)
If, in the limited range of the particle sizes em-
DECLASSIFIED.
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ployed, kg may be considered to be constant, the only
factor which affects the transfer rate is the area per
unit volume of adsorbent, a. Therefore, for a blend of
sieve fractions, the,value of kga would be equal to the
product of kg and the sum of the values of a for each
pure sieve fraction multiplied by the fraction that sieve
size -is 9f the total. Exp'ressed"mathematically, this
m~y be represented by the following equation:
(124)
substituting this function into Equation 13, the
I following relationship is obtained:
Taking the reciprocal of each side of Equation 125,
the following equation is obtained:
(125)
1/Ht
= . lboOk (fl~l +- f2a2 +••.••••• fnan)
.V (126)
Representing the height of a transfer unit for a
particular sieve fraction as (Ht)x, Equation 126 resolves
to the following expression:
1/Ht (127)
Taking the reciprocal of this equation, the relation-
tJ
~
~(j
~~
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ship betw~en Ht for a blend of sieve fractions and the
values of Ht for the i~dividual sieve -fractions is ob-
tained. This relationship 'is expressed by the following
equation:
= J.
+ f2 _1_(Ht)2
1+•••• fn 7'fl"
. \IJ.tJn
(128)
c. Effect of Sieve Fraction on Adsorptive Constant
The small.amount of experimental data obtained to
date (Mecklenbergfs results) showed no effect of the
sieve fraction on the capacity constant, No. This is
in agreement with theory, -for the small increase in sur-
face area associated with a change in sieve fract,ion in
the normal range is insignificant in comparison with
the enormous surface areas of activated charcoals.
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APPENDIX G
SUM!\ffiRIZED DATA
271
&t\= = = = = =r-f" &r\= = = .. = ... - -r-t
DECLASSIFIEll
'-0:: :: = :: ::r-f ~::::r-i
272.
(/)= = :: = :: =
Po.
tIl= = :: = : = :: ::
Po.
80ll'\OOll'\ll'\Ol.C'\or-t('f)C"'\r-tr-for-t•••••••• •000000000r-lr-lr-tr-tr-lr-ir-ir-ir-i
CJ=====
(.)
00800000 000......
000000r-fr-fr-lr-lr-lr-l
88::
000O"r-fN. . .
0'00r-fr-f
It'\ ..:I'('t\ dO 0 ()'\t'-r-t ..:I't'- C'\ In to•••••••r-fr-fr-fNNNN
000000000
ll'\lt'\ll'\ll'\lt'\lt\ll'\lt'\ll'\
000000C"'\C't'\C"'\C't'\('(\('(\
00000000 toto 00 00 00
..:I'C"'\r-fOO'OO...;tt'0C't'\ll'\'C:O
• • • • • •r-fr-fNNNN
000
It\ It\ ll'\
:g:g~
• • •r-fr-tr-t
r-f~:::::: :: ::
r-fs==:: = ::r-fsJ= : = = == = == =r-t51=
8 It'\0 It'\0 It'\0Nlt'\z:o...ONl.C'\r-tr-fr-tr-fNNN
•~
~
•=1iI==,
•
t4
o
l.C'\
:: :: :: ::
•~
= : = ::
•
&Q
~
" .
~-n
S = :: =,.
t-=l
o
It'\
:: =
•&Q
ell
•~
.ri
S = ::,
•
t-=l
o
It\
0.
N1=====::'-0r-t
o
C\l1::==::=:= ='-0r-i
o
N1=::==='-0r-t
o
N
1 :: ::
~r-f
DECLASSIPlED
DECLASSIFIEQ 273
•
~Q)O
E-t .....,
~:=======r-i
0=:==:===
(,)
000000000
O'('I'\('I'\C'\l('I'\NNN('1'\.........
0"00000000r-ir-ir-ir-ir-ir-iMr-i
000000000l.C'\l(\l.C'\l.C'\l.C'\l.C'\l.C'\l.C'\l.C'\
~~~~~~~;1~. ' .N N N ('1'\ ('1'\('1'\ ('1'\.('1'\ ('1'\
r-i51========
•~
~.
.s=
•.-1s- = = = : = = =,
•H
o
tn
o
N1========~r-i
1:'-= = I: = = =r-i
~======o
to l.C'\N l.C'\to.....
-.:t~t'-toO"r-iC't\ r-ir-i
l.C'\l.C'\tn tn tn l.C'\Ll'\0000000. . . . . . .
-.:t-.:t-.:t-.:t-.:t-.:t-.:t
0000000'
to to to to to to I:'-
Nr-iOO't'--\.OLl'\t'--OC't\lt\tor-i-.:t.......
r-iNNNN('I'\(V\
r-i51= = :: = = =
~
•~
'ns= = = = = =
~
...:l
o
tn
o
N
I = = = = =~=~r-i
t"-= = = = I: = = = = = = = = =r-i
1::4== = = = = = : = = = = = =(,)
000000000000000tnl.C'\Ll'\l.C'\l.C'\l.C'\lt\ll'\ll'\l.C'\Ll'\lt\l.C'\tntn
~:: = :: = : = = :: = = :: :: = =
.
~
~.
s::
'ns= = = = = = = = :: = = = :: ::"'-.
H
o
tn
o
N1==============~
r-i
--~ ...ASSIFlED
DECLASSlFIEI) 274
t--===.-1
~===(,)
to=--==.-1
0= - - - -~ ----.
C\! It\ '" 0' It\•••••.-1r-i.-1r-fN(f'\
r-f ...;tIt\ to It\. . . . .
r-fr-f.-f.-fN('t'\
to= = = = = = =r-i
0= = = = = = =c:z;
0'= = = = =.-f
~= = = = =
tI.l
N~t--NC'f'\
• • • • •r-tr-ir-fr-iNN
N~t--""'N•••••.-fr-ir-f.-fNN
.
tQ
00
It\ an
~~Sg~&;
• • • • • •r-lr-lNNNN
000000
('t\ ('t'\('t'\('t'\('t'\('t'\.
.
~
--tt--N((\-...t•••••Nr-ir-tNNN. ~~~~~r-tNlt\C"--r-iN~ .....r-ir-tr-tr-lNN
((\totO(Ot()toNNNNC\!N• • • • • •000000r-fr-ir-lr-i.-1r-f
.-f
s!=====
~.
~.,..;
S= = = :: ="-•
...:I
o
It\
= =
.
~
r-fs= = = = -
00000000
It\~lt\lt\lt\lt\lt\lt\
Or-iC'f'\r-ftotO(oOr-tr-iNN('t'\('t'\...;t-lt\~ ~ ~ ~ ~ ~ ~ ~0'0'r-t0't--C"--'-.Ot()Nr-t('t'\('t'\...;t--t~ ~ ~ ~ ~ ~
~;:t~ce~~
oooooog...;t-NNNC\!C\!N 0'• • • • e •••...;t-...t-...t--t...;t--...t--t('l)
~.
f:l.
•n
s= = :: = = = ="-•
....:l
o
It\
('t'\lt\t--~ C\!
• • •• •r-tr-tr-iN(f'\('t\~ ~ ~ ~ ~ ~r-t-...tlt\t()~('t\
• • • • •r-fr-tr-fr-fN
::$~8g~t;
• • • • -e •r-tr-tNNNN
.
~
000000
('t\('t\('t'\('t\('t'\('t\
~OOO~~NNNNOO••••••-...t--t...;t...;t...;t--t
~
•~.....s= = = = ="•....:l
o
It\
•~
~~~~.....
('I) ('I) ('I) ('t\
00-00
~ It\ It\ It\
o ...;t-('I) 00.-1.-10. . . ....;t-...;t...;t...;t
.-1 .51= = =
.-~r::
0>0
8-
H
H
~
.0
NI==e==
'-'>r-t
oC\!
~=
r-t
o
N1====='-.0r-l
= .=
....
o
N1====='-'>.-1
o
N
I = = =
'"r-f
275
tIl===
P1
N = = =N= = = =~===
00= = = = = = =
P1
tIl= = = = = = =
P1
r-I=======
N
<= = = = =tI)
0'= = = = =r-I
•f:4•o
888~• • • •0000r-ir-fr-lr-l
0000
\t\ at\ U'\ It\
.....s== = = = = =
•rx..
o
r-i
sI=
OOOO\t\lC\OO
\t\\t\at\\t\...,.-..tlt\U'\
~~~~~~~~••••••••00000000r-Ir-fr-lr-lr-lr-lr-lr-l
OOfX:>(O .....r-C-..t-..t'-C)'-C)fX:>tor-Cr-CU'\U'\• • • • • • • •r-Cr-ir-lr-l
\t\ It\ \t\ U'\ It\ \t\••••••NN'-C)'-C)'-C)'-C)-..t...,.lr\ll'\ t' t"-0' 0' ('f'\. ~r-Ir-I
~
•s::
.,;
s=======
'"•...:I
N
CC'\
00000000OOlr\lr\OO\t\lr\r-fr-lr-lr-fNNNN
\t\\t\CC'\ft\00 t"-t"-r-Ir-ft"-t"-C"\CC'\(Otl)
• • • • • • • •r-fr-fr-fr-fNNNN
•rx..
o
00000000
r-fd= = = = :: = =,.:::
~
•J:1
.~=======
"•H
N
(f\
•t:Q
tete~2)~~••••••r-Ir-INNNN
000000
\t\ \t\ \t\ \t\ \t\ \t\
~= = = = =
~.
s:t
i= = = = ="•~
'0
\t\
o
N1=====
'-'>r-I
~r-f1=======
Nr-f
o
N1======='-C)
r-i
o
N
I = = =..0
M
DECLASSIF1ED~
DECLASSIFIED 276
r'\:: = ::= = ::::= ::N r'\= :: :: :: :: = = =N ~:: :: :: = :: = =
= :::: ::
:
CI)=::::p..= = =:: ::CI):: = =p..= ..:: :: =
:: :: ::
~~~~~~$8)
~~~~~~~~• • • • • • • •Mr-ir-ir-tNN
00000000OMMCt'\Ct'\Ct'\MCt'\• • • • • • • •00000000r-Ir-ir-ir-iMMMr-i
00000000
1.C\lC'\lt\I.C\I.C\I.C\lC'\1.C\
SI:=======::
.
tQ
~.
R
eMa====
"•H
o
I.C\
= :: I: = = ::
1.C\0008°g°1.C\MMNC't\ C't\ Cf\r-t•••••••••000000000Mr-iMMMMMMM
~===::::::::::
000000000
It\lt\I.C\I.C\lt\lt\I.C\lt\lt\
~t;T~g@gsg~
It\ I.C\ t'- t"- 0 O'(0 (0 t'-00 ('t\('t\l:"'-t'-O'O'(O•••••••••r-tr;'-'r-tr-ir-ir-tr-t
•tQ
el.
•=..-f
S = ::
"•...:a
o
I.C\
:: :: :: = == == :: =
•tQ
~8~~~88~88••••••••••0000000000r-ir-ir-ir-iMMr-iMMM
0000000000't\'t\'t\'t\'t\1.C\1.C 1 C\1.C\1.C
s=::c:===::==
H
H
~
'-Dr-i1=========Nr-t ::= ::::::= = ::::= ::
DECLASSIFIED
DECLASSIFIED
~= = :: :: :: :: :: C\l: : :: :: :: :: :: ::::= :::: "'= = = =N
277
(1)=======P... tI)=======~ = = = = = ~====(,)
= = =
~~:a~;::t• • • • •r-ir-ir-ir-iN
= = =
00000
'" '" in '" '1\
•f;Q
~•~.
-rot
a="-•H
CJft
Il\
: = ::
:: = ::
C!\o '1\ t'-- ('C'\ 0
Il\Oll\r-f•••••r-ir-iC\lNC'f\
•t:Q
.-.
•t::
~=
"•...:a
o
ll\
= = =
= = = = =
::=
tl'\tl'\'I\'I\8°8~r-Ir-Ir-ir-i N to• • • • • • • •00000000'r-Ir-ir-lr-ir-lr-ir-i
•trI
....51==
00000000"''1\'1\'"''''''''''''
.-..
s:::
-rot
E = ="'"...:a
o
'"
= = = = =
B= :: = = = = =--=
0000088r-f....:t-.:t-.:t....:tl"\ N••••••••00000000'r-ir-ir-ir-ir-fr-l ....
.
tQ
.-..
~-a =' =
"•..:a
otl'\
o
('C\
1:=::===:~r-i
o
('f)1=======Nr-i
o
('C\1====N
r-I
8
0'•('C\
(,)
(,)
o
N
I=ee=
'-0
r-t
DECLASSIFIED
278
I.t'\: = = = = = =N
d=======(,)
DECLASSIFIED
= =It'\:: = =N
eJ= = = = = :: =o
1(\= = = = = = =N
de : = :: = = ::
(,)
1(\:=
N
•~ .
(,)
00000000It'\1t\a.n1.t'\lt'\a.nlt'\1t\
~N=======ril
00000000'It....;t~~r-INN('C\••••••••00000000r-Ir-Ir-Irlrlr-lr-lrl
~
•s::.....s= = = = = = ::.........•~
:it
= =r-I51=====
•J%4•(,)
It'\'l\0000000' 0' ~,r-t It'\ ('f) N r-l• • • • • • • •
()'\O'OOOOOOr-trlr-ir-lr-ir-l
00000000
It'\lt'\lt'\I.t'\lt'\I.t'\lt'\lt'\
~
•&::.....
e=======
"'"•~
:it
00000000'It'ltr-lr-i....;t-..tr-ir-t••••••••00000000r-tr-ir-ir-ir-lr-lr-lr-l
•J%4.
(,)
~.
00000000
'l\'l\lt'\'l\'l\lt'\lt'\lt'\
12~: = = e = : c
=.,...
a= = = = = = ="-•
t4
N
('t\
000'l\....;t....;t
• • •000r-ir-ir-i
000It'\It\ It'\
•~
r-i51==
~.
~
.ri
is: :
"'"•~
oIt'\
o
N
I = :
'"r-i
o
N1=======
'"r-I
o
N1======='"r-t'
o
N1=:::====
'"r-t
DECLASSIFIED
DECLASSIFIED
lI"\= :: :: = = = =
C'\l
~===::=::=
C'\l
~=:=
N 1:'-= = = = = = =N
279
0=:::==:::==o ~=======o ~= :: =o 0:======~
= = := = = =
•J%.•o
sa= = :: :: = = =
00000000
lI"\ll'\ll'\U'\lI"\lI"\l(\ll'\
0000
l(\ \t'\ lI"\ U'\
.,-1= :: =
sf.
r:r.t.
o
= == =
OOr-lr-l()'\OOO
lI"\lI"\lI"\\t'\-...tll"\lI"\U'\
= = = = = =
•
J%.t•o
~
•s::.,...
e = :: ::
..........•..:I
C'\l
C"'\
= = = =:: =
•
tI:l
2N=====::=
fiI
('C)~lt'\lt'\OOOO1:O'OOOOO'O'NC'\l••••••••O'()'\oO()'\O"OCDa-In .-1.-1
•
1.:-','-'"
Sf2:t
0>0E-; ......,
o
C'\l1======:
'"n
o
N1=======~n
o
N
1 :: :: =
'-0
r-f
o
NI::====::.i=~
r-f
DECL!\SSIFIED
DECLASSIFIED 280
1:'===
<'I
~= = =
0\= = = = = = =
<'I
0=======o
0'= = = = = = I: = I: = =
<'I
CJe = = = = = = = = = =o
:: =
= =
o
l=
C"'\
•
,:Q
001:'1:'--• •
0'0\
= =&: &: == = &: ::
DECLASSIFIED
0lt\0000U'\00U\00
OO\C\lOo\o\o\O'O'o\NN• •• • • • •• • • • •
00\000\0\0\0\0\0'00
..-t I""ir-t ..-tr-i
o
~c I: :: = :: =- I: = = = I:
C\l
SI:==c====e&:=
•
p::a
.~~~Sl~~ t!~~~~~.' .
r-I..-tr-tr-tr-tr-fNNNC"'\C"'\C"'\
OOOI:'t"-I:'--O\O\O\\O\O\O
!:J r-t M \0 ~ \0 ~ ~ C"'\ (J\ (J\ (J\~r-tMr-tr-fr-tNN<'I<'IN<'I
~•
~&:=,.•
t-1
.0
It\
I: :: e = I: =
~=======
•
p::a
00000000
<'IN<'INNC\lNN.' .
00000000
..-tr-ir-ir-t.-lr-i.-l..-t
\0
r-t1=======
C\l.....
= =
~8~~.' ....-4'''''''C'''\''''''
a===
0000 00000000- 000000000000 00
It\lt\U\lt\ It\lt\lt\lt\U\lt\lt\lt\ It\lt\U\lt\lt\lt\lt\U\lt\lt\lt\U\ It\lt\
oN
I :: = =
\0
r-t
•
~•o~•
~=,•
t-1
~
........
~
'-"•
........ !........
"d .*! ..-t'-"s:: ~-n
~
.
0 ~.0 CD
'-' E-t~
H ........H ..-<Ua '-"CD
jl;;i~ 0'-"
~ o po .
E-t ~
Q)
4)+,
E:i0
t)
i
J:
0
~
~
0
~~CD C).... as
CI)~
s:=
CD 0
.p ......... ...,,.. as
Q)~s ....
CD co
~c!
DECLASSIFI~D 281
O'= = = =N
~= = = =
(.)
0= ;: = =cY"\
~= = = =(.)
0====('t\
8= = = ;:
0= = = I:('t\
~====(.)
0= = = =('t\
~====(.)
.~.-...
$.cctfs::1 NO'r--~"'.O'-'>cY"\"''-O~Q)"'" Nr-tNN('I"\ r-t .....NcY"\...:t'
OJ.tf!
(.)~-
~ .-...
• Q3 s::1 N O' '-'> '" '" 0 '-'>cY"\'" '":s ~ 11 N r-t N N cY"\ r-t r-t- N cY"\...;t
tIl~-
0000'"r-tr-tcY"\cY"\O'• • • • •OOOOO'r-t-r-tr-t r-f
OOOONO'O'O'O'ri•••••O'O'O'O'O
r-t
It\ '" 1(\ Il'\ 0O' O' 0' C7' 0'• • • • •
'" O' 0' C7' 0'
.
~
.....
~e I: = =
~~g~~• • • • •r-fr-fNN('t\
00000::t~~(:j~
= = e
•~
~~:ri~~.. . . . ......riNN('t\
00000('t\t'--N~Or-fr-fNN('t\
= = =
= = I:
00000
It\ Il'\ '" '" '" .
•~
r'\ 0 ~ -..:t" 0r--('t'\t'--('t\1X)...........NN('t\('t\
00000;Q~(:j~~
~.
r::
oMs=
"•~
o
Il'\
= I: =
r-tsI:===
.
~
to'-ONto'-'>r-tt'--N'-'>C\l
• • • • •NC\l('t\('t\...;t
00000",....;t(X)Nt'--r-tNN('I"\('t\
= I: =
•tQ
00000
'" '" '" '" '"
.....sI====
t£te~~$• • • • •.....r-tNNN
.....
~.
8
'"I@
o
o
N
I =,1: = =~.....
8
O'
IcY"\
(.)
o
= = e
oo
'"I('t\
(.)
o
o
'te===o('t\
8
0'
I('t\oo
DECLASSIFIED
:: ::
282
0::1:=
~
r-I51=
0000
'" U'\ '" It\
toONN
z:-...OO\O\. . . .
('t'\-..:t('C"\('t'\
= I:
= = I: ::
DECLASSIFIED
I: = ::::= ::=
= ::=
= = :: I: :: =~:: :: =o
~~ ~ ~::t~ ¥2~~ ~~~.••••••••••••
-..t-..:t-..:t-..t~('t'\('t'\~('C"\('t'\('C"\('t'\
r-f;= = = =
M====('t'\
000000000000''''''It\lt\''''''lt\lt\'''''''''lt\
o'('t'\1=:=::=====::o
N
:: I:
= = :: I: ::
I: - -- -
:: = = :: :: =
I: ::
I: I: ::
= I:
~:: = :: ::
~::I:=
000000000000
'" ~ ~ ~ '" ~ ,'" '" '" ~ It\ It\
...0
r-I1:==========N
M
• . •
~ ~ JIl... ... ~• . .
d d s::= ..
"a= ~~ OM= :: = :: :: = :: =.= :: I: = :: :: : = = = = = S: = -" .......... "• • •~ ~ ....:I
0 0 0'" '" '"
Q)
~.,..
rs.
~
~
• ,!l4-
~ «' s::G).,-ioHa
O~....."~-• Qj p
~ Q)~
fJl Js....."
~Ol-
Qjt>~<DSHoM
~E-t .......-....:I
M~os.......
•- !-.'i .*r-1""'" .
E ~
oM
+' .g
~.(,)
....." E-t ....."
.... -.... ~£j
~ .
.......
G)
jl~CD
:d 0.......as 0>
E-t H
Q)CD""t;i
0
~
~
~
~
0
~+i
CD 0.,..at
CIlJ:
~
CD0+'.,...,.....,
H oj
Q) ~
~~
CD Ol
~~
DECLASSIFIED
DECLASSIFIED. 2 83
C"'\== : =
'"
NI: = = = = = =("f)N=.= = = = = ~ - =('C'\
0- - - = - - - - -~_ .. -- -- 0===:::= ~====<J; {/) <= = =tI)
•~
0000
~ '" ~ '"
~===
....
~I: : :
..........•
t-1
o
an
: I: =
~=:==
.
,:Q
: = = = I:
.
~
t'--t"-NN"''''9.0NN(1\(1\t'--t"-~...;t....•.....
r-ir-ir-ir-iNC\l"'C'\
OOt'-oot'-oo(1\C7'~'\Or-1r-1'-O~('C'\('C'\(1\(1\
r-1.-tr-l.-tC\lNC\lN
00000000 00000~"'~"'\t\~~"'. \t\U'\U'\"'~
...
•
~= = = =..........•H
o
'"
0000000000"'''''''~~~'''~~~ .
•~
s= = = = = = = = =
s:::-n
S= I: I: = I: = = I: =
..........•...::I
o
'"
~
r-i
1:=1::::=
N
.-t
= = I: = o("f)6===
N
DECL}\SSIFIED
284
-..:t= =:: =.=::~ It\= = = =~ It\= = I: = =~
~= :: =
tI)
~= = :: :: = =
(,)
~==
(,) 8- - - =- ~= I: = I: =(,)
~ ~tt)NNN• • •000r-ir-ir-t
It\ It\ It\ It\ It\«>'000'0'«>. . . . .
0' 0' 0" 0" 0'
«>'(00000
NNC'f'\('f\C"\cq........
000000r-ir-tr-tr-ir-tr-l
= = I: =
•~
~= = = I: =
:: :: :
.
tQ
....51= = = =
•~
~==
~cr$
' ....
r-tNN
~.
s=
11==
"•H
o
It\
I: = I: = =
.
~
~
•~
oM
s= = = = = ="•...:I
o~
= ::
r-is::==
.
~
~.
~
oMs=
"•...:I
o
It\
.
~
::I:: -.~ 0000r-i-..- It\ It\ It\ ~
Q)
~
H
~.
::= = I: - -- -
8
0'
I
('f\
(,)
(,)
o
(V'\
1===::
~
DECLASSIFIED
DECLASSIFIED 285
ll\= = = = = = =('t\ ll\= = :: :: = = =('t\ "'====~==('t\
= = = =~ = = =0=======qg=======
51=======
~.,
;t
Eic====::=
"-•~
o
Ion
::= = = = =
•~
OOOOOOtx)OO
ll\ll\ll\ll\-.t~U'\1l\
lnlnOO~-.tNC\lr-tr-l 1onll\("C"\C'I'\O 0. . .- .....
00000000r-ir-lr-tr-tr-lr-lr-ir-l
~
•~
11= = = = :: = =
"-•~
o
Ion
r-ts== =
= = =
= c
•~
r-I
~= = =
NC\lC\lC\lNC\lll\ll\NNNNNC\lr-tr-l• • • • • • • •00000000r-tr-lr-lr-lr-lr-lr-lr-l
~
•s:1
"a= = = ="-.
~
oll\
•~
r-IsI=
00
~...:t••00r-tr-l
~
•~on
Ei=
"-•~
oll\
•~-.~ 00 00000000
rl- ll\ll\ ll\ll\ll\ll\ll\tnlOln
~
-'tS
Q)a
-r-!
~o
(.)-
o
('t\
I =N
r-I
o
('t\1=======N
r-I
o
("\1=======N-
r-I
o
('t\1=======C\l
r-I
DECLASSIFIED
DECLASSIFIED
'-0= = = = = = =('C'\ '-0====('t'\ t"-= = = - - = =('C'\ z:-.===('C'\
286 .
r-ir-f00r-tr-fC'lC'l
= =0= = =~~= = = =o
~~;gF;~' b'@bbbb,*~.............
('C'\('C'\('f\('f\('f"\ 004'oo4'oo4'-..too4'oo4'('C'\('f"\
t=4= = = = = = =o
= =
I: =
•
t:Q
0000
Ion an an Ion
~~~~••••r-tr-tr-tr-t
0000
tX>1X)tX>tX>
= = I:
====::
.
t:Q.
MS==
00000000
1l'\U'\U'\lonll'\lonlonan
•
t:Q
r-i51====
~
•~
-a= = = ="•~
o
Ion
= = = = =
= = I: = = =
•t:Q
.-t
~= =
..
~~cooE-I ........,
o
('C'\1=======N
.-t
o
('C'\1====Nr-i
oo
0'
I
~o
o
('C'\1=======Nr-t
o
('C'\
I = = =
~
DECLASSIFIED
toe = = = =
C't\
t"-=====cr'i t"-= = = = = :: =(V'\
DECLASSIFIED
to= = :: :: = :: =C"'\
2 87
~= = = = = o==c====~ ~= = = = = = =CI) <= = :: :: =CI)
00000000000"0"••••••-.:t-.:t-.:t-.:tcr'im-
~= = = = =
000000
U'\ U'\ U'\ U'\ U'\ U'\
~~~~cr~• • • • • •.r-i r-i r-i ....N C\l
a=======~
~~ggcrc3~~••••••••r-ir-ir-ir-iNNNN
= = =r-isj====
00000000-.:t....,.totoC"'\cr'iMMr-Ir-ir-ir-iNN(V'\C"'\
00000000
U'\U'\U'\U'\U'\U'\U'\U'\
000000
U'\ U'\ U'\ U'\ U'\ U'\
~= = = = =
•I:Q
...
•~
eM
s= = = = ="•~
o
U'\
•I:Q
....
~
-g= :: = = :: = ::"'-.
~
o
U'\
•I:Q
....
~
eMa = = =
"•~
o
U'\
= = = =
•~
:: = = =
o
~1=====
~
o
~1=======N
r-i
oo
0"
'I
@
(,)
o
m-1=======
~
oC"'\1=====
~
DECLASSIFIED
'-'." r"~ . n. SSIFIED
-L.' -. '-' ~.~-
288
to===:==
fr\ = <1'= = = = :: = = = =('t\
= =
•~
ri51==
00000
It'\ &l'\&l'\I.C\ It'\
<e:If = '= = =tI)
It'\ V\ V\ U"\ U"\
C\lONOO• • • • •....;t....;t....;t....;t....;t
I I I I I
...
•~
-a===="-•H
o
U"\
= = = = =
•t:Il
r-Is= = = =
0000000000
1.C\1.C\1.C\lt'\&l'\lt'\&l'\&l'\lt'\lt'\
to to ~ ~ <1' <1' &l'\&l'\ ....;t .("\
.<1' <1' N N I.C\ It'\ to to It'\ r-I...........r-ir-iNNNNNNriri
Ul= = = = = = = = =p..
1.C\8 1.C\&l'\00 0080
r-i ,-{riNOOri 0... . '. ' '.0000000000r-Ir-Ir-I'-{riri'-{ririr-i
11111I1I1I
...
•s:::
-M
13= = = = : = : = =
""-•H
o
ll'\
o
I.C\
=
.
t:Il
~= = = = = =tI)
ri~====:==
00000000
&l'\&l'\I.C\lf\1.C\1.C\1.C\1.C\
...
•s::t
or-ls======="-•~
o
I.C\
riri
('t\ C"'\
• •NN
' .
t:Il
00&l'\&l'\
'""~
ri~ 88
(,) 13 ••
-.- ....;t....;t
o
("\
I =N
ri
o
("\
1=======
N
r-i
~
r-I1=========N
ri
o
N1====~
ri
t>~CLASSIPlED'
DECLASSIFIED
0==....,. !:1= = = = !:1= = = = q.= = = = !:j.= = = =
Ol= = = =p.
NO'OO...
C\l"'to"'N
r-fC\l
CI)====
P1
Ol= = = =Ai
to at\"""...
C\l-...ttoNr-i
CI)=:==
Ai
I I I
~==
Ol
.
~
OoananoNNr-.r-.N•••••000'0'0r-tr-t r-t
s= = = =
41\
•s:::on
s= = = =
"""•H
o
\C\
r-i
51==-=
.
t:Q
anlC'\C\lOO'OOOOC\l'-D~. . . . .
0'0'000r-ir-ir-i
'OO0"'(1')C7'
0' ll'\ 0' ll'\ C7'
• •. e ••
Mr-iNC\l
~.
s::
oMs====
"""•H
o
\C\
r-t
Q= = = =.....
NNNr-.r--C\lNC\lNN
• • • • e
00000.-{r-ir-ir-ir-t
aOlt\OOo -..t to C'C"\r--r-tr-ir-iNN
.
~
It\r-i('t\lr\r-ir-i~r-t~M
e •• e •r-tr-iC\lNC'f'\
...
•s::.ns= = = =
""".H
o
It\
lr\ lr\ lr\ lr\ lr\to to to '00 to.....
0'0'0'0'0'
•~
a = 0= : =~
It\aoaar-t'-D0lt\O'r-ir-tNNN
N-..tOr-.-...t(1')1:0 (1')'CO (1')
•••••r-ir-iNNC'C"\
~.s::.,....
s== = ="-•H
o
It\
000
lr\ lr\ lr\
r-i:d==
g)~~.. . ..NNC\l
•~
Noa'COr-ir-ir-iC\lN
~
•Q0";
S = :
"-•
104
o
lr\
.
~
0>0
E-t ........
o
N
I = =~r-i
'-Dr-t1====Nr-i
ao
0'
IC'C"\
(,)
(,)
o
N1==:=
'"r-i
oa
0'
I(1')
(,)
(,)
oo
0'
I
("')
(,)
(,)
= = =
oo
0'
I
('t\
(,)
(,)
DECLASSIFIED,
Q)
~ ~====
eMr:.
('f".:: = :: =...;t fr\:: = =-..t ;:
DECLASSIFIED
...;t- - - - :: ;:~ .. - - -
290
~==
~tOto
000
• • •~-..t--4"
0==::==~=
NOI.t'\...
r-1-..tO'r-I
N
t:s::: - - -(,) - - -
N\t\N...r-IriNU'\'-D
ri
t:s::: - - - =(,) - - -
t't--goor-Ir-I 00. . . . .
~...;t,,"...;t-..t
tOtOOOOOO'OOtoN.....
000'0'0MM r-I
.
t:Q
51==
000
tOt()tO
~.
~
..-i
E = ="-•H
oI.t'\
r-fc;;I======~
0000000
1.n U'\ lr\ U'\ 1.n I.t'\lr\
...;tNr-tOO't'N...;tr:--oC't'\lt'\tOO
• • • • • • •r-ir-lNNC\lN-..t
.
tQ
~.
~
or-ta= = = = = ="-.•~
oU'\
.
t:Q
8= = = =~
00000
It"\ 0 -..:t to ('t')r-INNN~
00000
totO tOtO to
~
•s::
...-is= = = ="-.•~
oI.t'\
.
~
M~= :: = =
~.
MC't'\O'NNOU'\O'lt"\O• • • • •NNNC't'\...;t
00000
to to to to to
~
-e= = = ="-.•~
oU'\
M
d= = = =~
C't'\U'\0" r-t U'\"'O'''to...;t.....
r-tr-tN(r\('I"\
~.
Q
.ri
a= = = :::
"•H
oU'\
.
~
•a
.E....... -.~
ri-
G>
~
oo
0'
1
('t\
(,)
(,)
..0
M1====N
r-f
oo
()'\
1
Ct)
(,)
(,)
o
N1====
'"r-I
oa
0'
Ia
(,)
o
N1======
'"r-f
o
N• = = ='-Dr-I
•i
DECLASSIFIED
DECLASSIFIED 291
Q)
~ :1= =
-ri
~
~Q) 0--
~ <:z: - -
e~,"""H m ~ .-i<"NH OJ .r! cr'\cr'\t"--
o H So fX1-
~'"""ems:! 0<"<"
'tj CD.r-l cr'\cr'\'-O
-ps...J:;;
U)~- 0z:-..N q. ~
~tf.l'"""
C""\ ()'\.. ~'-O s:!..•to Q) s:! 00' ..
CD S.n ('f\C"\ I.C\ 0
~ -ri S
.... ~ ort
E-f- I.C\ ("/'\ ~ s:: -pN("/'\O 0 to
l.C'\ -ri H
'""" .p .p
~
Qj Q)
'ClON'-O s...- ~B~ 00r-f ..., e Q)• e . ;~ p..- It\- ...,....,....,. 'tj e •tf.l V •
~to1X>-.:t;::t
CD Q)b{) ~'CO• s:l 81 6' :> s
~'"""
0 ort-
'""" -r-l r-I .pro .p - ~ Qj<D .~ 000 ~ :a 1s r-I- 00 to to rz:l~ .p Q).,.; s:: H tf.l
~ CD ~ s:l 0e (.) 0
0 ~~ s:! .r-i0 ('('\ l.C'\ '-0 0 .p- CDO t"--z:-..t"-- 0 <UE-f - H
H ~ +>H '""" CD
~
,< a Ot"--N .CD s:l
(.) (f'\ eo 0 ~ CD- • e e p..NN-..:t
CD
~ ~•s-a> H ::1 ra. -,-f
:d wr-l 000 ~
.p
..QO- o l.C'\ l.C'\ ttJ
Cd 0> NN('f\ ]E-f .p ~ ~H U) re~::'::O<ll s:! (/)~Q) CD CDQ).p r-f ~ oo (/) ~ P-ttll$-~ d==,.:.:;
oj
0 .e UJ
~ s:lCD 0
+> .. -,-f
~
. .p
~ Qj
-M Mr; s= = +>
0 '" CDr-I • s:l~ H Q)p.
0
I.C\ ~
ort
s:l +>0 l.UCD-,., a 1>+> NCD V J= =orta1CJ)s.. .-i
~
s:l
'tjQ)
.CD 0 +>
.port t\J
-.-I .p v
H oj -,-f
~~ '8
.p-ri I H
CD tf.l ("/'\
~~ ffi *
DECLASSIFIED
DECLASSIFIED 292
APPENDIX H
ACCURACY OF DATA
A. Reproducibility of Charcoal Volume Measurements
A mea"sured volume of adsorb.ent of several sieve frac-
tions was remeasured'to determine the reproducibility of
the volume determination. The results of these tests
are shovm in Table XXXIX.
Table XXXIX
Reproducibility, of Volume Measurements
Measurement Volum~ (mI.) for Sieve FractionNumber 12-16 16-20. 20-30
1 20Q 200 200
2 200 200 199
3 200 200 199
4 199 199 200
5 1'99 199 199
6 199 199 199
These measurements demonstrate that adsorbent vol-
ume measurements are reprod1cible to within plus or
minus one mI.
B. Accuracy of Volume Measurements as Determined from
Apparent Density and Constancy of Volume.Fraction
with Sieve Fraction
.,
The accuracy of the adsorbent volume measurements
was also checked by measurement of the apparent density
for different volumes of adsorbent. This was done by
weighing measured volumes of adsorbent.
These measurements were made for sieve fractions
DECLASSIFIED
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ranging from 12-16 to 30-40, U.S.Standard. The results
of these observations are shown in Table XL~
Table XL
Constancy of Apparent Density
Whetlerite: Dry HC3-361
Sieve Apparent standard
Fraction Volume wt. Density Deviation
(mI. ) (g. ) (g./ml.) Avg. (g./ml.) (%)
12~16 215 108.9 .506
1t 272 138.7 .510
If 339 171.2 .505
1f 401 203.7 .507 .507 .002 0.4
16-20 143 75.5 .527
n 205, .106.2 .517
1f 272 139.3 .513
1f 334 171.3 .513 .517 .006 1.1
20-30 110 55.6 .506
" 167 86.3 .516n 239 120.5 .504
Il 296 151.3 .511 .509 .00'4 0.8
30-40 110 53.5 .487
1t 153 75.0 .491
n 191 91.3 .479 '
1f 234 117.4 .501 .490 .008 1.6
The linear relationship between volume and weight
is apparent and the accuracy is S!lO~~ to be approximately
plus or minus one per cent. The apparent density for the
12-16, 16-20, and 20~30 sieve fractions is 'seen to be
practically identical; whereas, the 'apparent density of
the 30-40 sieve fraction is approximately four per cent
lower. ,This may be caused: by either a lower packing
.d'ensity or bY the under-impregnation of'the fine sieve
fraction.
, \, DECLASSIFIED,
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C. Vblu~e Reduction by Blending Several Sieve Fractions
- - .The possibility of a discrepency between the additive
volume and the measured volume was investigated for blends
of the standard sieve fractions. This was done to de-
termine whether or not the finer sieve ~ractions fall ipto
the instertices formed by the larger granules. This would
result in a non-proportionate increase in the adsorbent
bed density. The results of these investigations are shown
in Table XLI •
.Table XLI
Volume._Eedllction by Blending
Sieve Fractions
Test' Volume of Separate Voliune
.Number Si~ve':Fractions, (mI.) Additive Obs. Dev.
12-16 16-20 20-30 30-40 (mI. ) (mI. ) (50)
1 80 160 240 238 -0.8
2 80 160 ...... 120 '.360 355 -1.43 80 160 120 10 370 365 ~1.4
4 80 160 140 10 390 385 -~i.3
5 80 160 140 20 400 392 "-2.0
6 80' 160 140., 29 409 399 -2.4
7 100 160 140 29 429 420 ....2 1
8 40 100 54 6 200' '''198 -1.0
9 32. 98 60 10 200 197 -1.5
These results show that, although there is ~ slight
shrinkage in volume during blending of -,differentsieve
fractions, the shrinkage is not great and averages about
I .
one to two per cent.
D. -Canister Diameter-, Effect on Adsorbent Bed Depth
The MIl canister is a production item which was pro-
cured by the Chemical Warfare Service under C.W.S. Spe~-
cification No. 197-02-130. The inside diameter of ,~ll .
....
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canisters must pass ffgo-nqgoU type-gages which are set
to accept canisters-with diameters varying from 4.138 to
4.145 inches. This results in an area variation' of plus
or minus 0.2 per cent.•...Since the cross-sectional area
was employed to calculate the adsorbent ..bed depth, the
same error is inherent in this dimension.
The E~R3 canister was an experimental canister and
was not procured under any C.W.S. Specification~ All of
these canisters which were. used in this work were gaged
and only those with diameters between 3.620 and 3.630
were used. The resultant bed qepth variation is plus or
minus 0.3 per cent.
E. Air Flow Rate During Canister Tests
..J .Th~ air flow rate, both oreather and continuous,
.was ~easured in accordance with-the requireme~ts of the
applicable sections of,C.W.S. Pamphlet No.2, ,Part I.
The orifices in the steady flow machines were calibrated
frequently with a dry meter of known accuracy and were
always, found to be ~ccurate within plus or minus two per
cent. The same precision was found for the minute volume
and the peak flow of the .breather 'testing apparatus.
E. Gas Concentrations
Gas concentrations were determined in accordance
with-the applicable sections of C.W.S. Pamphlet NO.2,
Part I. Basically, the method co~sisted ofcabsorbing
.. ~ .-the gas contained in a kno~~ ~olume of air and, by a
.suitable titration,~determining the concentration. The.. '
concentrations.were so adjusted ih~t one drop'(.03 mI.)
DECLA~~lFIED
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H. Gas Life
Several series of identical.tests were made to. de-
termine the"accuracy of the' gas life measurements • In-
accuracies might be caused by'variatiqns in flow rate,
concentration, break point indicators; charcoal volume,
and canister diameter. The results of these tests are
shown in Table XLII.
Table XLII
Precision of Gas Life Measurements
Cyanogen Chloride, 0-50, 50 L./min., Breather
.Nominal
Cl Cl
(mg./L.) (mg./L.)
4.23 .4'.00
4.00 4.00
4.15 4.00
4.06 4.00
4.06 4.00
Avg. Standard
Br.eak Deviation
Time(min.) (min.) (%)
Test
No.
1
2 4.23
4.15
4.13
4.06
4.06
4.00
4.00
4.00
4.00
4.00
Obs.
Breal{
Time
(min. )
10.0
11.0
10.0
10.0
10.0
21.0
23.0
19.0
24.0
23..0 --
Carr.
Break
Time
(min. )
10.5
11.0
10.5
10.0
10.0
22.2
23.8
19.5
24.0
23.0
10.4
22.5
0.4
.,
1.6
3.5
7.1
~ DECLASSIFIED 2 i/1
Table,XLII, Continued
Nominal Obs. Corr. Avg. StandardTest C1 C1 Brea.k Break Break DeviationNo. Time Time Time(mg./L.) (mg./L.) (min. ) (min.) (min.) (min.) (%)
3 4.00 -4.00 32.0 32.0.4.15 4.00 33.0 34.24.13 4.00 30.0 31.04.12 4.00 35.0 36.0
4~'12 4.00' 37.0 38.0 34.2 2.5 7.3
4 4.00 4.00 55~'0 55.0
4.14 4.00 53.0 55.04.13 4.00 50.0 51.84.00 4.00 51.0 -51.0 53.2 1.8 3.4
These data show that the standard deviation of the
gas life measurements is approximately 1-3 minutes. It
is to be noted that the errors in this measurement are
the accumulated result of all other errors involved in
measuring the adsorbent volume, filling the c~nister, and
testing •
...
•
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•
step-Wise Integration" for TYpe I Kinetics
The method of performing the step-wise integration
for Type I kinetics was discussed in a qualitative manner
in Appendix A. Table XLIII shows the exact method of'in-
tegration for the particular values of the variables
listed as Calculation No.1, Table XXXI. Only the first
two steps of the integration are shown.
]. Step-Wise Integration for Type III-A Kinetics
The method of performing the step-wise,integration
for Type III':'Akinetics was discussed in a qualitative
manner in Appendix E. Table XLIV shows the 'exact method
of integration for the particular values of the variables
listed in Table XXXIV., The integration for the first
increment and the integration for ,an increment of bed
depth 0.15 em. from the influent face are shown. The
influent concentration to the latter increment is shown
in Fig. 106. It was determined by a series of step-
wise calculations to this point.
C. Method of Calculation of the Break Time of Axial'
Flow Canister from the Break Time of Radial Flow
Canister
1.' statem'ent of Problem
The cyanogen chloride break time' of a parti-
cular Type ABC impregnated whetlerite in the MI0Al can-
ister was measured to be 65 minutes. ..The test conditions
DECiASSlFlED
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were as follows:
Flow rate •••••••••• ~•••••••• 50 L./min., Breather
Influent Concentration~ ••••• 4 mg./L.
Effluent Concentration ••••••• 008 mg./L.
Sieve Afialysis•••••••••• 12-l6 30 per cent
16-20 40 per cent
20-30 30 per cent
It is desired to determine the break time of
250 mI. of this same adsorbent in the IvIllcanister at
the same test conditions.
2. Determination of kl
The 'value of kl is determined from the sieve
analysis and Fig~ 65 to be .0118.
3. Determination of Qe
Qe, the steady flow rate equivalent .to breather
flow, is a function of x and the logarithm of the' concen-
tration ratio. "This function is shoi}m in Fig .•92. The
value of x is obtained from Table x:xv to be 0.32, and the
logarithm of the concentration ratio is equal to 6.21.
Therefore, from Fig. 92, Qe is equal to 128 L./min.
4. Determination of Critical Diameter, Dc
The critical diameter of a radial flow canister
is given,by the
Dc =
following equation:
I;~+l +. 2(X~1)k1(lOOOQE!\\n CD x~l._L~' .. \- it Lb J c~ (59)
The values of Lb' the length of the canister
less the length of the baffles, and D. , the diameter of~
the inner tube, are obtainea from Table XXVIII to be
10.15 and 3.17 em., resp~ctively. Substituting the lmovm
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'values of the variables into Equation 59, the following
relationship is obtained:
\. 1
~ 1 32 (128 000).32 L1. ~ 1.32
Dc = t3•17)'. + 2 (1.32) (. 0118) 10.i~ 1( 1n .008
I
= 4.34 em.
1'5•. Calculation of Capacity Constar).t,N
The capacity constant, N, is obtained by the
., ,
solution of Equation 61. This equation is as follows:
t 1( L N ~2 D2 12 D k G1000Qe)J (61)= 4 Q Cl D2 c c 1 ~ DcLb
.'D2, the outer tube diameter, and L, the length
of the canister,' are ~btain.ed from 'Table XXVIII to be
6. 7~ and 11.42 cm., respectively. Subs~ituting the knovm
values of the variables into this equationithef?llowing
relationship is obtained:
'9,5 == 1((1l.42~ (N).E 7-92 - 4.342(4) (50) 4). • ~ ~.j2128,00012(4.34) (. 0118) (n{4.34) (10.15)
Solving this equation, N is fqund to be equal
to.65.4:mg,./ml. '
6. Calculation of Break Time for\Mll Canister (250 mI.)
The equation for the break time of an axial
flow canister (Type III-B kinetics) is as follows:
t = ~1~ ~ k1(10~~ Qet (In g~+ ~ ( 54~
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The'area'of the 1Ul canister (4.14 inches dia-
meter) is 87.0' sq~cm. The firea at the baffles (3.64 inches
'... ~~.
diameter) is"67•2 sq.em. The bed d,epth,A, for -250 mI.
of adsorbent is 2.87 cm. Substituting the knovm values
of the ~ariables into Equation 54, ~he following expression
is .obtained:
t = (.Ol18)(128~ObO).3(1n 4\ 6 .2 .008+~
solving this equation, the break time iscal-
culated to be 47 minutes.
D. Calculation of the Effect of. Sieve-Fraction on Break
Time and Air Resistance.
1. statement of Problem
The phosgene break time of a Mll canister co~-
taining 250 mI. of 12-16 sieve fraction Type ABC impreg-
nated whe~lerite (H designation) was measured to be
25 minutes at the te~t conditions listed below.
Influent Concentration ••••••• lO mg./L.
Break Concentration ••••••• 008 mg./L.
Flow Rate ••••••••• 50 L./min., Breather
It is desired' to determine the change in ,break
time and air resistance of the canister if the adsorbent
is changed to 250 ml. of 20-30 sieve fraction of the same
whet1eri te,.'
2. Determination of the Value of kl
The values of kl for th'e 12-16 and the 20-30
sieve fractions are obtained from Fig. 64 to be". 00524.-
....
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and .00221, respectively.
3. Determination of Values ?f ,k2
The values of k2'for 12-16 and 20-30 sieve
fractions are obtained' from Fig. 6~ to be 5.46 and 13.0,
respectively. The correction factor to account for par-
ticle sl~pe is obtained from Table XXIII to be unity.
4. ~Determination of Qe
Qe~ the steady flow rate equivalent to breather
flow is obtained from Fig. '92 to be 133 L.'/min. (The
value of x is 0.48 from Table "XXV and In Cl is equal toC2
7.13).,
"5. Determination of Capacity Constant, N.
The capacity constant, N, can be determined
by substituting all of the known values of the variables
into Equation:54'and solving for N. This is indicated in
the following,equation~
i
25 = f~M8t5gj E.87 (133 000\ .48 10 .:J(.00524)\" 67.2 ') (In .008 + ~
The 'value of N i~ calculated to be 224 mg./rol.
6. Determination of'Break Time for 20-30 Sieve
:fraction (250 mI.) .
Since it was ShO?ffithat the value of Nis in-
dependent of the sieve fraction, the break time of 250 mI.
of 20-~O sieve fraction can be calculated by substitution
of the calculated value of N'for the 12-16 sieve fraction
and the other knovVllvalues of the variables into Eq~ation 54.
This substitution results in the following equation:
, .
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t = 75.4 minutes
Therefore, the, increase in break, time associated
with a change from 250 mI. of 12-16 to 250 mI. of 20-30
sieve fraction whetlerite is 50.4 minutes.
7. Determination of Air Resistance
.~.
The air resistance of an axial flow canister
is given by the following equatio~:
!:iP= k Q rg·00 + -A - 2.O~
. 2 L Ab _ A, =.J (48)
substituting the kno~~ values of the variables
into this equation, the following expressions are obtained
for the air resistance at 85 L./min.
a. 12-16 Sieve Fraction
!:iP= (5.4~)(85)~7~~ + 2'~i:~'~
= 18.5 mm. 'of water
.b •. 20-30 Sieve Fr'a.ction
f:.,P = (13.0)(85) ~~~~2 + 2.87-2. QQl
87.0~
= 44.0 mm. of water
Therefore, the increase in air resistance
associa~ed with a change from 250 mI. of 12-16 to 250
mI. of 20-30 s~eve fraction whetlerite is 25.5 mm. of
wat~r.
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LOCATION OF ORIGINAL DATA
The original data are located in the Chemical War-
fare Service files at the Technical Command, Edgewood
Arsenal, Maryland. The notebook pages,are as follows:
~:W~S. Dev. Lab., M.I.T. Notebook Pages: 18441-18500
22521-22580
23721-23748
23763-23772
27097-27102
27109-27110
29181
50310-50323
50335
57683-58693
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A Area perpendicular tod'ireetion of air flow (cm2).
a Surface area of adsorbent per unit volume(l/cm.)
Ab Open area at baffles (cm2).
AC Chemical Warfare Service symbol for hydrocyanic
acid •.
B A function of In Cl and x, for breather testing,
dimensionless. C2
.C Concentration in air stream at any point (rug./L.).
Cl Influent concentration in air stream (mg./L.).
C2 Effluent concentration in air stream (mg./L.).
C Concentration in equilibrium with adsorbent (mg./L.).
CG Chemical Warfare Service symbol for phosgene.
CK Chemical Warfare Service symbol for cyanogen chloride.
D Diameter of radial flow adsorbent bed at any point
(em.) •
d D~a~eter of wetted vvall,absorption column. (em.).
Db Critical diameter of radial flow canister (em.).
Di Inner tube diameter of radial flow canister (em.).
Dp Averag'eparticle diameter (em.).
Dv Diffusivity of agent being transferred (cm.2/sec.).
D2 Outer tube diameter of radial flow canister (em.).
e Base for natural logarithms (2.702).
F Cumulative penetration of agent through adsorbent
bed (mg.).
f Fraction of any pa~tieular sieve fraction in ad-
sorbent blend.
fr Frequency of breather flow cycle (cycles/min.) •
. DECLASS!FIED
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H Experimental rate constant analogous to Ht'and
Hr (em.).
Ht Height of a transfer unit" gas film (em.)•
Hr Height of a reaction unit, surface. resistance (em.) •
(Ht)x Height of a transfer unit for agent x (em.).
h Height of the ndead layer" in Meck.lenberg's
equation (em.). ' ..
I Quantity of impregnant which has chemically re-
acted (equivalents/mI.). '
Io(Z) Modified Besel function, Jo(iz), see p.
k's Constants
Constant in Equation
L
Constant in pressure'--dropequation.
Mass' transfer c~efficient, gas film
(mg./(min.-)(em. )(unit conc. gradient).
Reaction rate constant, (mg./(min.)(cm~)(unit grad.)
Length of cylinder in radial flow canisters (em.).
Op~p length of.inner tube considering restriction
of baffles ~n raaial flow cani~ters (em.) •.
L./min. Abbreviation for liters per minute.
L./min., C.F. Abbreviation for liters per minute, constant
flow.
L./min., B. Abbreviation for liters per minute, breather.
1 Thickness of stagnant air film (em.).
M Quantity of agent removecl by..chemical reaction
with impregnants (mg ./ml.'. ,
Ms Quantity of agent in the saturated layer (mg.).
Mt Total amount of agent adsorbed by the bed (mg.).
M.W.x Molecular weight of agent x.
Ml Quantity of agent adsorbed by.bed at instant in-
fluent face becomes saturated':'.(mg.).
m Adsorbate (physically-adsorbed) content of bed (mg"/ml.)
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N
p
Pg
P
~p
PS
Q
Qe
R
S
ST
SA
s
T
t
bot1
v
x
An experimental ca~acityconstant analogous to
No and Nr (rug./ml.).
Quantity of agent adsorbed per unit of superficial
area of the adsorbent (mg./cm.2) •
. -Saturation capacity of adsorbent for physically
adsorbed material (mg./ml.) •.
Reactive capacity of adsorbent (mg./ml.).
Exponent in FreundlichTs adsorption isotherm.
Total pressW:e (g ./cm~-) •
Average partial press~~e of non-diffusing gas in
stagnant film (g./cm. ).
Partial press~e of diffusing agent in main gas
stream (g./cm. ). - .'
Partial pressure ,of diffusing agent ine. quilinrium
with adsorbent or absorbing solution (g.•/cm.2).
- .
Air resistance ,of adsorbent'bed~(mw. of water).
-'-Chemical Warfare Service symbol for chloropicrin.
steady air flow rate (L./min.).
Steady flow rate equivalent to T'Breather Flow Rate tf
(L./min.).
Gas constant.
Slope of bed depth-break time curve (min./cm.).,
Slope of plot of the logarithm of the effluent
concentration vs. time
Chemical Warfare Service symbol for ar'sine.
Function of' time in breather testing defined by
the following equation: ,S.= 2 fro t.
Absolute temperature. (oK.). ,
Time (min.).'
Time requi~ed to saturate influent face of ads or-
bent bed (min.).
Superficial linear air flow rate (cm./min.).
Exponent defined by equation' Ht(or H ) = klVx•
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ct
f
'Fraction of total volume of adsorbent which is void~
Air resistance of adsorbent bed (mm. of water) •
. .
Time required to saturate influent face of adsor-
bent bed (min.)~ ..
A function of n in Freundlich's adsorption isotherm.
Viscosity of fluid in the-'stagnant film surrounding
adsorbent granules or near wetted w~ll (g./(cm.)(sec.).
Bed depth (cm.).
Apparent critical bed depth (cm.).
Depth of adsorbent which is completed saturated (cm.).
Density of fluid stream (g./cm. 3) •.
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, .
and started a thesis on the vulcanization of Guayule
rubber lli1derDr. E.A.Hauser in October, 1941.
On January.20, 1942, he was cal~ed into the Armed
Fo~ces and was stationed at the C~W~S. Development Lab.
at ill.I.T.where he worked on the development of defen-
sive items for the Chemical Warfare Service. On Oct. 14,
1945, he was transferred to the Technical Command, Edge-
wood -Arsenal, Md., where he was assigned the task of Actg.
Chief of the Canister Branch, Protective Division.
He was placed on terminal leave from the'U.S;Army.
from Ft. Meade, Md., on Jan. 24, 1946, and his discharge
to an inactive (reserve) status will be effective on
May 10, 1946.
DECLASSIFIED
